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In	 Chapter	 5,	 we	 present	 major	 element	 data	 that	 have	 been	 carefully	 corrected	
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enriChed Basalts at segment Centers: the luCky strike (37º 17’ n) and 
menez gwen (37º 50’ n) segments of the mid-atlantiC ridge
2.1. introduCtion
Classical work by Schilling (1975) established a gradient in ridge depth and chemical 
compositions of basalts extending southwards from the Azores hot spot. Basalts near the 
hot spot were more enriched in highly incompatible elements and 87Sr/86Sr (White and 
Schilling, 1978), and this enrichment lessened southwards until depleted MORB were 
encountered south of the Hayes fracture zone near 34°N. 
As maps of ocean ridges grew more detailed, it became clear that the concept of 
“gradient” needed refinement. Ocean ridges consist of a series of ridge segments defined 
by transform faults and other offsets (Macdonald et al., 1991). Segments tend to be 
shallow in their central regions and deeper at their ends, so the “regional gradient” in 
depth south of the Azores consists of a series of undulations at various scales (see Detrick 
et al. (1995)). The question then arises how the “regional gradient” in geochemistry is 
influenced by segmentation. Is the gradient regular, or is it undulating like the depth, 
or does it have other characteristics? In order to fully grasp the mechanisms involved in 
the creation of ocean crust and the distribution of mantle plume influence, the effects of 
segmentation on regional gradients need to be better understood. 
The  gradients  around  plumes  also  provide  a  natural  laboratory  to  explore  the 
relationships between ridge segmentation and magma supply. Two end-member models 
  An amended version of this chapter was published with Stéphane Escrig, Elizabeth J. 
Gier, Charles H. Langmuir and Steven L. Goldstein in Geophysics, Geochemistry, Geosystems, 








































Segmentation	 within	 a	 regional	 gradient	 provides	 opportunities	 to	 address	 these	



























One	 of	 the	 largest	
seamounts  along  the 
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coupled	 mass	 spectrometry	 (SN-ICP-MS	 and	 LA-ICP-MS)	 at	 Lamont-Doherty	 Earth	
Observatory	(LDEO)	and	by	SN-ICP-MS	at	Harvard	University	(Selected	results	in	Table	











LA-ICP-MS	 analyses	 were	 performed	 on	 the	 same	 mounts	 used	 for	 the	 electron	














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































on	 a	 VG	 Sector	 54	
multicollector	 at	 LDEO	





to an  87Sr/86Sr	value	of	
0.710235	for	NBS	987.	
Our	 measured	 value	
for	 NBS	 987	 87Sr/86Sr	
was	0.710255	(2	x	10-5	















Sample	Name Yb	 	 	 	 	 	 	 	 	 	 	 	 Lu                        Hf Ta W Tl Pb Th U
AII0127-1-017-005 1.94 0.31 2.17 1.42 0.37 0.016 0.80 1.81 0.51
AII0127-1-017-003(A) 1.92 0.29 2.23 1.53 0.40 0.018 0.88 1.95 0.56
AII0127-1-R048 1.94 0.30 2.21 1.41 0.36 0.018 0.85 1.76 0.51
AII0127-1-R046 2.78 0.44 2.17 0.92 0.17 0.010 0.57 0.85 0.27
AII0127-1-018-001 2.09 0.33 1.55 0.57 0.16 0.008 0.41 0.68 0.23
AII0127-2-034-002 2.54 0.39 1.85 0.69 0.15 0.011 0.44 0.74 0.35
AII0127-2-033-002 2.46 0.39 1.80 0.57 0.14 0.010 0.47 0.66 0.21
AII0129-6	2604-3 2.04 0.31 2.04 1.73 2.21 0.55
AII0127-1-R041 2.34 0.37 2.16 1.12 0.27 0.012 0.63 1.32 0.38
AII0127-2-R116-002 2.00 0.32 2.01 1.10 0.26 0.017 0.67 1.39 0.41
AII0129-6-002-001 2.45 0.38 1.59 0.50 0.12 0.006 0.39 0.55 0.16
AII0127-2-R108-001 2.11 0.33 1.35 0.38 0.10 0.005 0.32 0.42 0.12
AII0127-1-015-001 2.36 0.37 1.55 0.47 0.12 0.006 0.39 0.54 0.16
AII0127-2-037 2.25 0.35 1.49 0.44 0.15 0.006 0.49 0.17
AII0127-1-021-003 2.46 0.38 4.27 2.09 0.44 0.036 1.94 2.43 0.77
AII0127-1-021-003	
Duplicate
2.49 0.40 4.31 2.08 2.52 0.73
AII0127-1-017-005 1.94 0.31 2.17 1.42 0.37 0.016 0.80 1.81 0.51
AII0127-1-017-005	
Duplicate
1.95 0.29 2.05 1.36 0.85 1.68 0.47
AII0127-2-036-020 2.21 0.34 1.65 0.53 0.13 0.007 0.42 0.58 0.18
AII0127-2-036-020	
Duplicate
2.25 0.34 1.69 0.56 0.60 0.18
Table	2.1	(Continued)
aConcentrations	in	ppm	except	for	Ti	and	Mn	which	are	in	wt.	%.19
Sample	Name Group	Name Latitude Longitude 87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb
AII0129-
6-R016
Transitional 37.161 -32.335 0.702892 0.513120 18.837 15.530 38.434
AII0127-1-
015-001
Transitional 37.291 -32.283 0.702915 0.513126 18.856 15.530 38.430
AII0129-
6-R005
Transitional 37.309 -32.292 0.702932 0.513115 18.929 15.538 38.501
AII0127-
2-R105
Transitional 37.291 -32.300 0.702967 0.513129 18.946 15.549 38.551
AII0127-
2-R107
Transitional 37.312 -32.267 0.702941 0.513113 18.812 15.533 38.419
AII0129-6	
2602-3
Enriched 37.294 -32.274 0.703066 0.513022 19.224 15.569 38.757
AII0127-
2-R108-001
Transitional 37.316 -32.279 0.702935 0.513127 18.967 15.549 38.567
AII0127-
1-R041
Enriched 37.284 -32.281 0.703083 0.513081 19.243 15.574 38.784
AII0127-
1-R040
Transitional 37.218 -32.316 0.702937 0.513112 18.975 15.581 38.585
AII0127-
2-R103-001
Transitional 37.253 -32.293 0.702964 0.513140 18.878 15.539 38.479
AII0127-
2-R113-001
Transitional 37.411 -32.270 0.702874 0.513172 18.807 15.528 38.409
AII0127-
2-R110
Transitional 37.359 -32.263 0.703020 0.513122 18.910 15.539 38.492
AII0127-1-
016-001
Transitional 37.458 -32.225 0.702925 0.513116 18.896 15.538 38.467
AII0127-
2-R116-002
Enriched 37.278 -32.291 0.703098 0.513031 19.254 15.571 38.779
AII0127-
2-R104
Transitional 37.267 -32.285 0.702910 0.513106
AII0129-6	
2604-3
Enriched 37.296 -32.272 0.703125 0.513021
AII0127-2-
038-004
Transitional 37.111 -32.348 0.702925 0.513118
AII0127-2-
036-020
Transitional 37.256 -32.288 0.702925 0.513131
AII0129-6-
003
Transitional 37.335 -32.289 0.703023 0.513141
AII0127-
2-R117-001
Transitional 37.236 -32.296 0.702888 0.513121
AII0127-
2-R112-001
Transitional 37.400 -32.224 0.703045 0.513139
AII0127-2-
035	
Transitional 37.421 -32.270 0.702915 0.513117
AII0127-
2-R111-001
Transitional 37.371 -32.234 0.702989 0.513082
AII0127-
2-R109-001
Transitional 37.341 -32.270 0.702972 0.513126
AII0129-6-
002-001
Transitional 37.285 -32.281 0.702932
AII0129-6	
2602-5b
Enriched 37.300 -32.272 0.703145
AII0127-
1-R039
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2.4.2. trace elements 
Trace	 elements	 confirm	 and	 expand	 the	 observations	 from	 the	 major	 elements.	 The	
more	enriched	groups	in	both	segments	have	strongly	elevated	concentrations	of	the	23
highly	 incompatible	 trace	
elements	 such	 as	 Ba,	 Rb,	
Th,	 Nb	 and	 U	 (Figures	
2.3a,b).	 On	 a	 pyrolite-
normalized	 spidergram	
(values	 from	 McDonough	
and	 Sun	 (1995)),	 the	
enriched	 samples	 show	








are	 more	 concave	 upward	
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compositions.	 The	 enriched	 samples	 from	 both	 segments	 have	 very	 similar	 major	
elements,	and	highly	incompatible	to	moderately	incompatible	element	ratios	that	exceed	
those	of	the	Azores	platform	lavas.	Both	groups	also	show	gradients	toward	the	Azores.	










and	 Lucky	 Strike	 are	 isotopically	
intermediate	 between	 depleted	
MORB	mantle	(DM)	and	the	fields	of	
the	 Azores	 islands	 (Figure	 2.5).	 The	
regional	 gradient	 is	 reflected	 in	 the	
more	 enriched	 (e.g.,	 higher	 87Sr/86Sr	
and  206Pb/204Pb,	 lower	 143Nd/144Nd)	
isotopic	 ratios	 of	 transitional	
Menez	 Gwen	 basalts	 compared	 to	
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the  208Pb/204Pb	 vs.	 206Pb/204Pb	




islands,	 implying	 that	 the	
source	of	isotopic	enrichment	is	
the	Azores	plume	(Figure	2.5a).
There	 are	 several	 notable	
features	 in	 the	 isotopic	 ratios	
of	enriched	samples.	First,	the	
isotopic	 ratios	 of	 the	 enriched	
Lucky	Strike	samples	are	more	
enriched	 than	 the	 transitional	
Lucky	 Strike	 samples.	 There	
is	 no	 clear	 isotopic	 difference	
between	 the	 measured	 Menez	
Gwen	 enriched	 sample	 and	













































































































to	 infer	 too	 much	 from	 this	
result.	 Second,	 the	 enriched	
Lucky	 Strike	 lavas	 are	 lower	
than	 Menez	 Gwen	 samples	 in	
87Sr/86Sr,	but	are	actually	higher	
in  206Pb/204Pb.	 This	 peculiarity	
of	 Pb	 isotopes	 showing	 more	
extreme	 enrichment	 than	 the	





are	 still	 less	 enriched	 than	
those	of	the	Azores.	This	central	
feature	 of	 enriched	 samples	
with	higher	incompatible	trace	
element	 ratios	 (e.g.,	 Ba/La	





2.4.4. enriched samPles occur at 




















































































































the	 two	 groups	 remain	
quite	distinct.	
2.4.5. comPlexities of the 
regional gradient
The	new	data	show	that	
the  regional  gradient 































37.5º  37.0º 38.0º 
Latitude


























































and	 multiple	 supply	 and	 their	 relationship	 to	 segmentation.	 Before	 addressing	 the	
magma	supply	questions,	the	two	distinct	geochemical	groups	in	each	segment	and	the	
complexities	of	the	regional	gradient	need	to	be	understood.
2.5.1. origin of the enriched samPles from segment centers: general framework
There	are	two	pieces	of	critical	evidence	for	the	origin	of	the	enriched	samples:	(1)	the	





































































Rb 0.000045 0.00045 0.0006 0.00001 0.0003 1.804 0.088 1.140
Sr 0.008 0.009 0.096 0.003 1.814 41.718 9.800 20.407
Y 0.007 0.025 0.421 2.8 1.606 4.885 4.070 2.053
Zr 0.0013 0.013 0.128 0.27 1.203 17.756 7.940 6.662
Nb 0.000041 0.0001 0.007 0.0042 0.002 3.054 0.211 1.867
Ba 0.000043 0.00004 0.00068 0.00001 0.001 25.100 1.200 15.601
La 0.00005 0.00005 0.042 0.001 0.012 2.024 0.234 1.033
Ce 0.00006 0.003 0.09 0.007 0.074 4.448 0.772 2.084
Nd 0.0002 0.007 0.19 0.06 0.147 2.582 0.713 1.108
Sm 0.0006 0.01 0.28 0.115 0.080 0.642 0.270 0.268
Eu 0.00015 0.013 0.355 0.5 0.037 0.237 0.107 0.098
Gd 0.00099 0.016 0.37 0.8 0.147 0.819 0.395 0.319
Tb 0.002 0.021 0.382 1 0.031 0.131 0.075 0.053
Dy 0.004 0.025 0.402 1.4 0.234 0.804 0.531 0.337
Ho 0.006 0.029 0.41 2 0.056 0.174 0.122 0.072
Er 0.0087 0.041 0.422 3.2 0.182 0.485 0.371 0.210
Yb 0.017 0.047 0.432 4.18 0.205 0.471 0.401 0.213
Lu 0.02 0.052 0.439 4.5 0.034 0.070 0.063 0.034
Hf 0.005 0.013 0.23 0.115 0.053 0.460 0.199 0.171
Pb 0.0003 0.0021 0.086 0.0003 0.003 0.180 0.023 0.059
Th 0.00005 0.00005 0.003 0.0015 0.00004 0.207 0.014 0.125

























Ol 0.604 0.52 0.08 -0.1
Opx 0.189 0.38 -0.19 0.35
Cpx 0.15 0.1 0.81 0.75



























































































2.5.1.3. trace element modeling 





























this  level  of  melt  removal 
is	 enough	 to	 significantly	
deplete	the	trace	elements	
with	more	moderate	effects	
on major elements. 
We	 then	 minimized	
differences	 between	 the	
inverted	 sources	 and	 a	





































































2.5.2. origin of the transitional samPles


































These	 ‘regional	 melts’	 can	 then	 be	 used	 to	 estimate	 the	 regional	 mantle	 sources	

























































































































Stage 1  Stage 2 - alternative 1 
Central supply model: Enriched magmas in 









Central supply model: Enriched and regional 
magmas are brought to the magma chamber 
and distributed to the edges via diking 
Central supply model: Transitional magmas 
are produced at depth, brought to the magma  
chamber and distributed to the edges via diking 







Stage 2 - alternative 2 
Mixing of a metasomatized source
and a regional mantle





Mixing of a metasomatized source
and a regional mantle









Hybrid supply model: Transitional magmas 
are produced at depth, and are delivered to 
the center and to the edges of the segment 















not  all  the  magmas  have 
propagated	to	the	segment	
ends,	 producing	 equal	
variability	 at	 all	 segment	
positions?	Multiple	supply	
also	 has	 support	 and	
hurdles	 to	 overcome.	 The	



































































































































































Magde,	 L.	 S.,	 and	 D.	 W.	 Sparks	 (1997),	 Three-dimensional	 mantle	 upwelling,	 melt	








































































































constraints  on  melting  Processes  and  Plume-ridge  interaction  from 





















































	 Another	 interesting	 aspect	 stems	 from	 the	 location	 of	 the	 famous  segment 
within	the	geochemical	and	bathymetric	gradient	south	of	the	Azores	(Dosso	et	al.,	
1999;	 Schilling,	 1975;	 White	 and	 Schilling,	 1978).	 Basalt	 compositions	 from	 ridge	
segments	near	the	Azores	
hotspot	 are	 enriched	




new	 data,	 coupled	 with	
recent	 data	 published	
by	 Gale	 et	 al.	 (2011)	 on	
the	 next	 two	 segments	
north	 (Lucky	 Strike	 “LS”	
(PO-1)	 and	 Menez	 Gwen	
“MG”	 (KP-5);	 Fig.	 3.1),	
constrain	 the	 origin	 of	
the	 ‘regional	 gradient’	
associated	 with	 plume-




















































SmN<1,	 K/Ti<0.11),	 with	 isotopes	 showing	 long-term	 depletion	 in	 the	 incompatible	
elements	 (e.g.,	 high	 143Nd/144Nd,	 low	 87Sr/86Sr,	 low	 206Pb/204Pb).	 Transitional	 MORB	
(T-MORB)	are	intermediate	in	composition.	
3.3.1. major elements
The major element data from the  famous	segment	are	remarkably	diverse	(Fig.	3.2).	
Three	major	element	groups	are	noteworthy.	
(1)	The	“high-Al2O3,	low	SiO2	group”	(hereafter	referred	to	as	“HiAl-LoSi”)	has	unusually	
high Al2O3 (15.75-17	wt.%)	and	MgO	(9-11	wt.%),	low	SiO2 (48-50	wt.%)	and	low	K2O	























































  The  Main 











































	 One	 other	 “high	 Ba/La”	
(HiBa)	 group	 emerges	 from	
the	 data,	 apparent	 in	 the	
spidergrams	 with	 a	 distinct	
Ba	 spike	 (Fig.	 3.3b).	 This	
group	 contains	 basalts	 from	
both	 the	 HiAl-LoSi	 and	 Main	
major	 element	 groups,	 and	





















	 Emerging	 from	 nearly	 all	 the	 TE	 groups	 is	 a	 common	 feature	 that	 must	 be	
Figure	3.4:	Ba/La	vs.	La.	Symbols	as	in	Fig.	3.2	(smaller	






explained:	 a	 dichotomy	 between	
highly	 incompatible	 element	 ratios	
higher	 than	 the	 plume	 segments,	
coupled	 with	 lower	 moderately	
incompatible	element	ratios.
3.3.3. isotoPes
The	 new	 isotope	 data	 show	 clear	
mantle	heterogeneity	in	this	region,	
in	 agreement	 with	 le	 Roex	 et	 al.	
(1996).	All	lavas	from	famous and N. 
Famous	are	isotopically	intermediate	
between	 a	 representative	 depleted	
MORB	mantle	(DMM)	and	the	fields	
of	the	Azores	islands	(Fig.	3.5).	The	
N.	 Famous	 samples,	 despite	 being	
geographically	 situated	 between	
the  famous	 and	 LS	 segments,	 are	
not	 intermediate	 isotopically	 but	
instead	 extend	 the	 depleted	 end	 of	
the  famous  array  in  the  208Pb/204Pb	











































3.3.4. comPlexities of the regional gradient63
The  data  shed  light  on  the 
detailed	 characteristics	 of	 the	
regional	gradient	in	enrichment	
toward	the	Azores	platform.	For	
consistency	 with	 the	 gradient,	
N.	 Famous	 lavas	 would	 be	
more	 enriched	 than	 the	 famous 
lavas,	as	N.	Famous	is	closer	to	
the	 Azores.	 Yet	 the	 N.	 Famous	
samples	are	less	enriched	in	their	
TE	 and	 isotopic	 signature	 than	
famous	 samples.	 Additionally,	


















































































N-MORB	 (Fig.	 3.3b;	 Laubier	




are	 overprinted	 during	 the	
pooling	of	melts	to	form	lavas.	
Such	 mixing	 of	 melts	 gives	
rise	 to	 HiAl-LoSi	 lavas,	 with	
characteristics	 of	 the	 most	
depleted	 melt	 inclusions	 and	
the	most	enriched	lavas.	
	 Three	 HiAl-LoSi	 glasses	




anomalies	 (Sr/Sr*	 =	 (SrN/
sqrt(CeN*NdN)))	 of	 1.5-1.61,	
high	 Ba/La	 and	 the	 most	
depleted	 compositions	 of	 any	



















3.4.2.  heterogeneous  mantle 
sources with metasomatized mantle 
as  the  enriched  comPonent:  origin 
of other lavas from famous and n. 
famous
Here	 we	 address	 the	 primary	
observation	 of	 famous  and  N. 
Famous	 basalts	 with	 highly	
incompatible	TE	ratios	as	high	or	
higher	than	the	basalts	from	the	
plume	 segments	 KP-2	 and	 -3,	
while	 moderately	 incompatible	
TE	 ratios	 are	 much	 lower.	 In	
plots	 of	 Th/La	 and	 Nb/La	 vs.	
Sm/La	(Fig.	3.8),	all	lavas	from	
famous	 and	 N.	 Famous	 form	 a	
nearly	linear	trend.	As	mixing	is	
linear	in	this	figure,	this	trend	
could	 indicate	 mixing	 between	
two	 mantle	 sources	 (or	 melts)	
which	give	rise	to	the	data	array.	
Notably,	the	basalts	are	mixing	
toward	 a	 composition	 similar	




















TE	 ratios	 are	 much	 higher	
than	 the	 Azores	 platform	
segments	 for	 a	 given	 Sm/
La,	and	require	a	low	degree	
melt	component	of	the	Azores	
plume	 source	 that	 serves	 as	
a	 metasomatic	 agent	 for	 the	
sources	farther	to	the	south.	
Similarly	 (but	 less	 extremely)	
elevated  TE  ratios  at  famous 
and	 N.	 Famous	 imply	 that	
this	 E-Melt	 type	 component,	
rather	 than	 a	 pure	 Azores	
plume	component,	is	required	
by	the	data.	
	 Mixing	 alone	 cannot	
account	 entirely	 for	 the	 data	
array,	 however,	 as	 shown	 by	
a	 plot	 of	 Yb90	 vs.	 Nb90	 (Fig.	
3.9a).	 Mixing	 in	 this	 figure	
would	 also	 create	 linear	
arrays,	unlike	that	seen	in	the	
data.	 Yb,	 only	 a	 moderately	
incompatible	 element,	 is	 less	
sensitive	to	source	variability	
and	more	sensitive	to	extent	of	
Figure	3.9:	(a-b)	Yb90 and 143Nd/144Nd	vs.	Nb90 of famous la-
vas	(not	including	the	HiAl-LoSi	samples	which	have	a	sepa-
rate	petrogenesis	-	see	text).	Symbols	as	in	previous	figures.	
Five	 sources	 that	 are	 mixtures	 between	 a	 metasomatized	
enriched	source	(Gale	et	al.,	2011)	and	a	DMM	(Salters	and	










































Transitional	 LS	 basalts	 are	 remarkably	 alike	 in	 both	 isotopic	 composition	 and	 TE	
composition	to	Main	famous	lavas	(see	for	example,	Fig.	3.5).	















of	16.7%).	Also,	all	 143Nd/144Nd and  207Pb/204Pb	and	most	 206Pb/204Pb	and	 208Pb/204Pb	
compositions	were	fit	within	typical	analytical	error,	with	only	10	samples	slightly	worse	





















is	 whether	 such	 an	









within	 an	 entire	 melting	
regime,	 not	 two	 different	
mantle	 components	 with	
different	 water	 contents	


































3.4.3. imPlications for the regional gradient near the azores Plume73
Two	main	classes	of	models	have	been	proposed	to	explain	the	origin	of	along-axis	





































































1.  famous	 lavas	 show	 significant	 diversity	 within	 a	 single	 segment,	 indicating	
multiple	supply	of	magmas	along	the	length	of	the	segment,	and	the	ability	of	
melting	processes	to	deliver	highly	diverse	melts	over	short	distances	and	times.







low-degree	 melts	 of	 Azores	 plume	 material	 to	 a	 mantle	 depleted	 by	 a	 small	
amount	of	previous	melt	removal	(Gale	et	al.,	2011).	Our	model	involving	mixing	
between	this	metasomatized	mantle	and	a	depleted	mantle	applies	to	multiple	






















































basalts	 at	 segment	 centers:	 The	 Lucky	 Strike	 (37°17ºN)	 and	 Menez	 Gwen	
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the mean comPosition of ocean ridge Basalts
4.1. introduction



















































4.2. creating a gloBal morB dataBase at the segment scale
4.2.1. defining ridge segments
First,	we	identified	the	global	




due	 to	 active	 transform	







1982;	 Langmuir	 et	 al.,	
1986).	 Identifying	 ridge	
segments	 globally	 is	 not	
straightforward,	 both	
because	of	the	various	types	
of  ridge  segmentation  and 
because	 of	 variable-quality	
bathymetry.	 In	 regions	
where	 many	 cruises	 have	
taken	place,	high-resolution	
bathymetry	is	available	and	
identifying  ridge  segments 
is	simple	(see	Figure	4.1a).	
For	other	regions,	we	must	rely	on	satellite	bathymetry	and	the	detailed	ridge	architecture	

















































































With	 all	 oxides	 in	 the	 appropriate	 form,	 we	 then	 applied,	 where	 possible,	





































































































































































































database,	 including	 both	 published	 data	 available	 on	 PetDB	 and	 values	 from	 the	
Schilling	unpublished	file	(Kelley,	Kingsley	and	Schilling,	in	prep.).	A	spot	check	was	
performed	to	remove	any	obvious	outliers,	but	nearly	all	data	were	kept.	
























































































the  median  value  of  the 
distribution,	 being	 much	
less	 affected	 by	 the	 long	
positive	 tail	 in	 the	 original	
distribution.	 AM	 (2010)	 use	
log-normal	 mean	 values	
to	 arrive	 at	 their	 proposed	
chemical	 composition	 of	
global	 MORB	 (c.f.,	 Table	 2,	
AM	 (2010)).	 We	 emphasize	
that	 both	 the	 true	 mean	
and	 the	 log-normal	 mean	
of	 the	 distributions	 provide	
important	 information	 for	
addressing	 questions	 about	
the	 composition	 of	 global	
MORB.	 Below	 we	 explore	
the	 utility	 of	 the	 log-normal	
mean	but	argue	that	the	true	
mean	 provides	 the	 actual	
composition	 of	 the	 global	
ocean	 crust.	 The	 confusion	
lies	 in	 what	 is	 meant	 by	
“average	ocean	crust”.		
Figure	4.4:	Comparison	of	the	frequency	distribution	of	the	



























































Calculating an accurate log-normal mean
















issue 3: Physical interPretation of standard deviations
Standard	deviations	are	often	reported	along	with	averages	and	used	for	estimating	







































































n All Segments Mean1 ±	(95%	conf) All Segments Log-Norm Mean2 ± Upper	bound Lower	bound
Ba 428 32.0 4.4 24.1 2.7 160.3 3.9
Be 154 0.73 0.06 0.62 0.05 1.22 0.25
Ce 446 14.65 1.19 12.89 0.69 33.18 5.15
Co 385 42.5 0.7 42.5 0.5 53.0 33.7
Cr 405 244 11 244 11 403 76
Cs 307 0.045 0.010 0.032 0.004 0.198 0.007
Cu 393 75 2 75 2 122 55
Dy 446 5.97 0.29 5.35 0.17 8.83 3.52
Er 445 3.72 0.17 3.32 0.10 5.71 2.08
Eu 447 1.34 0.05 1.24 0.03 2.02 0.79
Ga 336 17.3 0.2 17.0 0.2 20.0 14.1
Gd 421 4.91 0.21 4.45 0.13 7.56 2.85
Hf 434 2.73 0.15 2.40 0.10 4.44 1.09
Ho 440 1.26 0.05 1.14 0.03 1.85 0.75
La 448 5.17 0.50 4.49 0.29 16.32 1.50
Li 272 6.5 0.3 6.0 0.2 9.1 3.9
Lu 446 0.52 0.02 0.47 0.01 0.83 0.31
Mn 71 0.19 0.01 0.18 0.01 0.26 0.15
Mo 198 0.45 0.05 0.41 0.03 1.24 0.15
Nb 438 5.07 0.57 3.96 0.37 22.81 0.92
Nd 454 11.85 0.71 10.71 0.39 22.55 5.40
Ni 401 90 5 96 4 183 44
Pb 406 0.61 0.04 0.55 0.03 1.54 0.20
Pr 425 2.22 0.12 2.03 0.08 4.15 0.92
Rb 416 3.16 0.47 2.25 0.26 13.87 0.38
Sc 373 39.5 0.8 38.6 0.5 48.8 29.5
Sm 453 3.76 0.16 3.44 0.10 6.17 2.03
Sn 213 0.89 0.06 0.78 0.05 1.59 0.28
Sr 449 132 5 132 4 271 70
Ta 388 0.32 0.04 0.26 0.02 1.35 0.06
Tb 433 0.88 0.04 0.81 0.02 1.31 0.53
Th 430 0.407 0.072 0.297 0.030 2.135 0.059
Ti 246 1.49 0.07 1.40 0.05 2.38 0.82
Tl 219 0.023 0.003 0.019 0.001 0.070 0.006
U 409 0.123 0.013 0.097 0.009 0.495 0.022
V 368 307 12 285 7 393 194
W 222 0.12 0.02 0.10 0.01 0.40 0.02
Y 446 36.1 1.8 32.1 1.0 53.6 20.8
Yb 447 3.57 0.18 3.19 0.10 5.80 1.97
Zn 363 90.5 3.0 86.3 1.9 119.5 59.5
Zr 448 114.1 7.8 98.8 4.1 220.0 49.7
87Sr/86Sr 295 0.702845 0.000067
143Nd/144Nd 295 0.513074 0.000017
206Pb/204Pb 268 18.415 0.078
207Pb/204Pb 268 15.515 0.008
208Pb/204Pb 268 38.103 0.085
176Hf/177Hf 138 0.283 0.000
Sm/Nd 452 0.324 0.004
Zr/Hf 434 40.43 0.88
Ba/Th 411 78.86 9.72
Nb/U 401 41.54 2.26
Ce/Pb 400 22.72 1.42
Nb/Ta 388 15.21 0.60
Th/U 407 3.11 0.10
Ba/Rb 412 10.79 0.48
Ba/Cs 300 756 60
Rb/Cs 301 68.21 5.36
K/U 375 12885 905
Y/Ho 429 28.08 0.40
Zr/Sm 446 29.63 0.62
Hf/Nd 434 0.236 0.006
Y/Yb 444 10.10 0.10103
Table	4.1	(Continued)
n Global Mean1* No BAB ±	(95%	conf) Global Log-Norm Mean2 No BAB ± Upper	bound Lower	bound
Ba 392 29.2 3.8 23.1 2.7 160.3 3.9
Be 139 0.76 0.05 0.64 0.05 1.22 0.25
Ce 410 14.86 1.26 12.99 0.70 33.18 5.09
Co 350 43.0 0.7 42.9 0.5 53.0 35.9
Cr 369 249 12 251 11 406 81
Cs 272 0.034 0.006 0.029 0.004 0.175 0.006
Cu 357 74 2 75 2 122 57
Dy 411 6.08 0.30 5.43 0.17 8.83 3.66
Er 410 3.79 0.17 3.37 0.10 5.71 2.28
Eu 411 1.36 0.05 1.25 0.03 2.02 0.81
Ga 300 17.5 0.2 17.1 0.2 20.0 14.6
Gd 386 4.99 0.23 4.51 0.14 7.56 2.98
Hf 398 2.79 0.15 2.44 0.10 4.51 1.26
Ho 404 1.28 0.05 1.16 0.03 1.85 0.78
La 412 5.21 0.53 4.51 0.30 16.32 1.43
Li 255 6.5 0.3 6.0 0.2 9.1 3.7
Lu 410 0.53 0.02 0.48 0.01 0.83 0.32
Mn 62 0.19 0.01 0.18 0.01 0.26 0.15
Mo 185 0.46 0.05 0.41 0.04 1.24 0.16
Nb 402 5.24 0.59 4.11 0.38 24.50 1.01
Nd 418 12.03 0.78 10.81 0.45 22.55 5.40
Ni 365 92 5 97 4 183 44
Pb 370 0.57 0.03 0.53 0.03 1.31 0.20
Pr 390 2.24 0.12 2.05 0.09 4.15 0.92
Rb 380 2.88 0.44 2.15 0.27 13.87 0.37
Sc 338 39.8 0.8 38.8 0.6 49.2 29.5
Sm 417 3.82 0.15 3.49 0.10 6.17 2.06
Sn 200 0.92 0.06 0.79 0.05 1.63 0.28
Sr 413 129 4 129 5 246 70
Ta 352 0.34 0.04 0.27 0.03 1.44 0.07
Tb 397 0.90 0.04 0.82 0.02 1.31 0.53
Th 395 0.404 0.081 0.292 0.033 2.135 0.059
Ti 237 1.53 0.07 1.42 0.05 2.38 0.87
Tl 200 0.020 0.001 0.019 0.001 0.041 0.006
U 374 0.119 0.013 0.095 0.009 0.495 0.022
V 337 309 13 287 7 396 194
W 209 0.12 0.02 0.10 0.01 0.40 0.01
Y 410 36.8 1.9 32.6 1.0 53.6 21.5
Yb 411 3.63 0.18 3.23 0.10 5.80 2.15
Zn 338 91.3 3.1 86.6 1.9 119.5 59.9
Zr 412 116.9 8.4 100.7 4.4 220.0 49.9
87Sr/86Sr 272 0.702819 0.000067
143Nd/144Nd 272 0.513074 0.000017
206Pb/204Pb 245 18.412 0.090
207Pb/204Pb 245 15.515 0.010
208Pb/204Pb 245 38.100 0.091
176Hf/177Hf 138 0.283 0.000
Sm/Nd 416 0.325 0.005
Zr/Hf 398 40.64 0.95
Ba/Th 376 71.93 8.32
Nb/U 366 44.37 1.99
Ce/Pb 364 24.85 1.07
Nb/Ta 352 15.19 0.62
Th/U 372 3.16 0.11
Ba/Rb 376 10.87 0.52
Ba/Cs 265 876 35
Rb/Cs 266 77.56 3.08
K/U 347 12344 812
Y/Ho 393 28.09 0.44
Zr/Sm 410 29.83 0.66
Hf/Nd 398 0.237 0.006
Y/Yb 408 10.12 0.11104
Table	4.1	(Continued)
n Normal Segs3 Mean1 ±	(95%	conf) Normal Segs3 Log-Norm Mean2 ± Upper	bound Lower	bound
Ba 310 25.0 3.6 19.6 2.4 127.0 3.9
Be 115 0.76 0.05 0.64 0.06 1.22 0.21
Ce 323 14.22 1.45 12.42 0.72 32.09 4.95
Co 272 42.7 0.8 42.3 0.5 49.5 35.0
Cr 289 254 13 263 12 396 90
Cs 199 0.027 0.005 0.024 0.004 0.135 0.005
Cu 277 73 2 73 2 110 56
Dy 324 6.10 0.33 5.50 0.18 9.92 3.74
Er 323 3.80 0.18 3.42 0.11 6.29 2.38
Eu 324 1.35 0.06 1.26 0.04 2.02 0.82
Ga 224 17.4 0.3 17.0 0.2 19.5 14.7
Gd 299 4.99 0.25 4.55 0.15 7.19 3.08
Hf 313 2.76 0.15 2.46 0.10 4.44 1.34
Ho 319 1.28 0.06 1.18 0.04 1.86 0.78
La 326 4.86 0.60 4.19 0.29 14.80 1.42
Li 192 6.6 0.3 6.1 0.2 8.9 3.9
Lu 323 0.53 0.02 0.48 0.01 0.77 0.34
Mn 52 0.19 0.02 0.18 0.01 0.26 0.15
Mo 128 0.41 0.05 0.36 0.04 1.06 0.16
Nb 318 4.56 0.56 3.62 0.36 19.26 0.92
Nd 331 11.82 0.84 10.66 0.45 20.71 5.40
Ni 285 93 6 100 5 179 44
Pb 291 0.55 0.03 0.51 0.03 1.15 0.20
Pr 306 2.16 0.11 1.98 0.09 3.79 0.91
Rb 299 2.55 0.46 1.84 0.25 11.34 0.35
Sc 259 39.5 1.1 38.4 0.6 49.4 29.5
Sm 330 3.78 0.18 3.48 0.12 5.41 2.13
Sn 142 0.91 0.07 0.80 0.06 1.51 0.31
Sr 328 127 4 128 5 242 69
Ta 280 0.30 0.04 0.24 0.02 1.32 0.07
Tb 312 0.90 0.04 0.82 0.03 1.30 0.57
Th 311 0.353 0.090 0.252 0.029 1.742 0.057
Ti 174 1.51 0.08 1.40 0.05 2.24 0.95
Tl 143 0.019 0.001 0.017 0.001 0.036 0.006
U 292 0.102 0.011 0.083 0.008 0.454 0.021
V 257 303 16 280 9 393 178
W 150 0.10 0.01 0.08 0.01 0.30 0.01
Y 323 37.1 2.1 33.2 1.2 62.2 22.6
Yb 324 3.65 0.21 3.28 0.11 5.88 2.25
Zn 261 90.1 3.3 85.3 2.3 121.0 59.9
Zr 325 116.5 9.3 101.9 4.8 220.0 52.1
87Sr/86Sr 213 0.702807 0.000078
143Nd/144Nd 213 0.513083 0.000020
206Pb/204Pb 190 18.298 0.082
207Pb/204Pb 190 15.505 0.009
208Pb/204Pb 190 37.992 0.086
176Hf/177Hf 97 0.283 0.000
Sm/Nd 329 0.329 0.005
Zr/Hf 313 40.58 1.15
Ba/Th 297 69.43 10.93
Nb/U 286 44.04 2.48
Ce/Pb 285 24.30 1.07 1	=	mean	weighted	by	spreading	rate	and	length
Nb/Ta 280 15.13 0.83 2	=	log-normal	mean,	weighted	by	length	only
Th/U 291 3.09 0.13 3	=	"normal"	segments	exclude	BAB	and	any	segment	closer	than	
500km	to	a	hotspot Ba/Rb 295 10.63 0.72
Ba/Cs 195 855 49 *	=	our	preferred	All	MORB	composition






K/U 269 13207 999
Y/Ho 309 28.22 0.53
Zr/Sm 323 29.89 0.74
Hf/Nd 313 0.241 0.006

























issue 5: calculating meaningful trace element ratios
Many	 petrogenetic	 questions	 require	 not	 only	 a	 reliable	 estimate	 of	 the	 mean	
concentration	of	a	certain	element	in	the	ocean	crust,	but	also	an	estimate	of	the	


































4.4. Presentation of gloBal average morB comPositions




















































incompatible	 elements	 than	 our	 All	 MORB	 averages.	 Indeed,	 these	 early	 N-MORB	109
n N-MORB1 ±	(95%	conf) n D-MORB2 ±	(95%	conf) n E-MORB3 ±	(95%	conf)
Ba 310 19.6 2.4 207 11.4 0.9 38 125.5 18.8
Be 115 0.64 0.06 90 0.60 0.06 8 0.56 0.23
Ce 323 12.42 0.72 224 10.01 0.57 37 25.52 3.73
Co 272 42.3 0.5 193 43.6 0.5 34 41.7 1.6
Cr 289 263 12 202 269 15 34 216 33
Cs 199 0.024 0.004 142 0.015 0.002 28 0.124 0.024
Cu 277 73 2 194 75 2 34 74 8
Dy 324 5.50 0.18 224 5.48 0.18 37 4.62 0.21
Er 323 3.42 0.11 223 3.46 0.11 37 2.75 0.12
Eu 324 1.26 0.04 224 1.21 0.04 37 1.29 0.08
Ga 224 17.0 0.2 177 16.9 0.2 27 17.3 0.7
Gd 299 4.55 0.15 213 4.43 0.16 37 4.26 0.26
Hf 313 2.46 0.10 218 2.31 0.14 37 2.54 0.26
Ho 319 1.18 0.04 221 1.19 0.04 35 0.96 0.05
La 326 4.19 0.29 225 3.12 0.19 38 12.02 1.66
Li 192 6.1 0.2 153 6.1 0.2 22 5.3 0.6
Lu 323 0.48 0.01 224 0.50 0.02 37 0.38 0.02
Mn 52 0.18 0.01 38 0.18 0.01 6 0.18 0.02
Mo 128 0.36 0.04 97 0.30 0.03 21 0.76 0.21
Nb 318 3.62 0.36 218 2.40 0.19 38 17.07 2.83
Nd 331 10.66 0.45 225 9.46 0.45 38 14.86 1.33
Ni 285 100 5 199 100 6 34 97 10
Pb 291 0.51 0.03 204 0.43 0.02 35 0.98 0.14
Pr 306 1.98 0.09 214 1.71 0.09 35 3.28 0.42
Rb 299 1.84 0.25 195 1.05 0.10 38 10.56 1.47
Sc 259 38.4 0.6 180 39.5 0.7 35 35.7 1.2
Sm 330 3.48 0.12 225 3.32 0.13 38 3.72 0.28
Sn 142 0.80 0.06 107 0.73 0.07 24 0.87 0.14
Sr 328 128 5 223 111 3 37 207 22
Ta 280 0.24 0.02 196 0.17 0.01 32 1.09 0.18
Tb 312 0.82 0.03 217 0.82 0.03 35 0.73 0.04
Th 311 0.252 0.029 213 0.156 0.013 36 1.367 0.232
Ti 174 1.40 0.05 137 1.35 0.06 27 1.50 0.11
Tl 143 0.017 0.001 112 0.015 0.001 21 0.031 0.005
Tm* 0.52 0.52 0.41
U 292 0.083 0.008 203 0.055 0.005 36 0.386 0.061
V 257 280 9 187 298 9 35 265 10
W 150 0.08 0.01 117 0.07 0.01 23 0.31 0.07
Y 323 33.2 1.2 222 33.2 1.1 37 26.6 1.1
Yb 324 3.28 0.11 224 3.31 0.11 37 2.59 0.10
Zn 261 85.3 2.3 189 88.1 2.5 29 82.4 6.1
Zr 325 101.9 4.8 223 92.6 4.8 37 110.1 12.0
MgO 304 7.76 0.09 200 7.82 0.11 35 7.45 0.28
SiO2 304 50.42 0.08 200 50.39 0.08 35 50.45 0.28
FeO 304 9.81 0.15 200 10.15 0.18 35 9.44 0.37
CaO 304 11.35 0.07 200 11.49 0.09 35 11.22 0.30
Na2O 304 2.83 0.05 200 2.71 0.05 35 2.74 0.22
Al2O3 304 15.13 0.12 200 14.93 0.12 35 15.12 0.25
TiO2 304 1.53 0.04 200 1.51 0.05 35 1.51 0.13
K2O 305 0.14 0.01 206 0.10 0.007 36 0.50 0.075
P2O5 298 0.16 0.01 194 0.15 0.009 35 0.24 0.069















Su	 (2002),	 in	 a	
segment	 scale	 study	
similar	 to	 ours,	 showed	
for	the	first	time	a	much	
more	 enriched	 value	
































Nevertheless,	 the	 “All	 Segments”	 average	 of	 Su	 (2002),	 the	 true	 average	 of	 AM	
(2010)	and	the	new	averages	calculated	here	are	remarkably	similar,	differing	by	an	
























































































plume	 segments,	 E-MORB	 should	 be	 defined	 using	 the	 chemical	 definition,	 of	 La/
SmN>1.5.
4.5. regional comParisons































































MgO 465 7.51 0.12 117 7.42 0.18 212 7.71 0.17 124 7.74 0.10 35 6.68 0.49
SiO2 465 50.54 0.09 117 50.45 0.13 212 50.72 0.15 124 50.43 0.15 35 51.67 0.72
FeO 465 10.39 0.21 117 10.90 0.28 212 10.20 0.28 124 9.57 0.26 35 9.88 0.66
CaO 465 11.35 0.10 117 11.39 0.15 212 11.33 0.13 124 11.40 0.10 35 10.85 0.53
Na2O 465 2.79 0.03 117 2.76 0.04 212 2.75 0.06 124 2.94 0.06 35 2.82 0.16
Al2O3 465 14.73 0.12 117 14.35 0.15 212 14.72 0.21 124 15.40 0.18 35 15.17 0.34
TiO2 465 1.66 0.05 117 1.78 0.07 212 1.55 0.06 124 1.55 0.08 35 1.37 0.15
K2O 465 0.165 0.015 117 0.143 0.018 212 0.175 0.025 124 0.173 0.022 35 0.236 0.049
P2O5 444 0.184 0.011 103 0.186 0.013 200 0.204 0.034 120 0.157 0.012 35 0.179 0.026










































flatter	 in	 the	 middle	 to	
heavy	 REE	 and	 far	 more	









have	 a	 MgO	 content	
of	 8.14	 wt.%,	 while	
mean	 Pacific	 D-MORB	





















elements.	 The	 more	 extensive	 plume-influence	 in	 the	 Atlantic	
compared	to	the	Pacific	acts	to	enrich	the	Atlantic	MORB.119
Table	4.4:	Regional	MORB	average	trace	element	and	isotope	compositions
n Pacific Mean1 ±	(95%	conf) n Atlantic Mean1  ± n Indian Mean1   ±
Ba 95 25.1 5.3 177 44.9 8.0 120 27.1 6.1
Be 38 0.83 0.07 66 0.60 0.04 35 0.69 0.09
Ce 97 16.07 2.07 186 13.63 1.34 127 12.73 0.99
Co 75 43.6 1.1 167 43.7 0.6 108 41.1 0.6
Cr 87 222 17 171 287 12 111 284 17
Cs 61 0.028 0.007 157 0.053 0.008 54 0.030 0.012
Cu 77 75 3 170 76 3 110 70 3
Dy 98 6.74 0.43 186 5.10 0.17 127 5.15 0.27
Er 97 4.20 0.25 186 3.18 0.11 127 3.19 0.17
Eu 98 1.47 0.08 186 1.19 0.04 127 1.22 0.06
Ga 65 17.9 0.3 175 16.9 0.2 60 16.9 0.6
Gd 97 5.37 0.33 186 4.23 0.17 103 4.44 0.34
Hf 88 3.07 0.26 184 2.26 0.12 126 2.58 0.19
Ho 95 1.40 0.08 182 1.11 0.03 127 1.12 0.06
La 97 5.45 0.88 186 5.22 0.67 129 4.61 0.48
Li 55 6.9 0.5 153 5.8 0.2 47 6.2 0.5
Lu 97 0.58 0.03 186 0.45 0.01 127 0.47 0.03
Mn 11 0.22 0.02 35 0.18 0.01 16 0.17 0.01
Mo 28 0.45 0.08 141 0.48 0.05 16 0.40 0.12
Nb 94 5.22 0.91 181 6.36 1.09 127 4.43 0.81
Nd 103 13.02 1.23 186 10.50 0.63 129 10.65 0.61
Ni 83 80 8 171 115 6 111 101 8
Pb 83 0.57 0.05 176 0.55 0.05 111 0.58 0.04
Pr 89 2.38 0.20 182 2.07 0.15 119 2.07 0.15
Rb 84 2.78 0.70 176 3.75 0.70 120 2.42 0.55
Sc 69 41.7 1.2 168 39.2 0.7 101 36.8 0.9
Sm 102 4.11 0.27 186 3.34 0.16 129 3.45 0.20
Sn 32 1.00 0.11 138 0.83 0.06 30 0.84 0.13
Sr 103 122 6 182 136 9 128 140 7
Ta 79 0.32 0.06 175 0.41 0.07 98 0.30 0.06
Tb 89 0.99 0.06 182 0.78 0.02 126 0.80 0.05
Th 88 0.417 0.129 182 0.446 0.083 125 0.340 0.072
Ti 40 1.64 0.12 160 1.43 0.05 37 1.34 0.15
Tl 29 0.021 0.003 144 0.021 0.002 27 0.015 0.004
U 83 0.120 0.021 180 0.132 0.022 111 0.107 0.020
V 75 329 20 176 280 6 86 275 18
W 36 0.11 0.02 148 0.14 0.02 25 0.11 0.07
Y 100 40.6 2.8 185 30.4 1.0 125 31.6 1.8
Yb 98 4.03 0.28 186 3.03 0.10 127 3.07 0.18
Zn 76 97.5 4.6 167 86.2 1.8 95 80.4 4.3
Zr 100 129.7 13.6 185 94.2 5.5 127 101.1 7.5
87Sr/86Sr 60 0.702637 0.000074 129 0.702904 0.000138 83 0.703060 0.000107
143Nd/144Nd 59 0.513110 0.000021 133 0.513041 0.000034 80 0.513018 0.000022
206Pb/204Pb 47 18.551 0.132 125 18.520 0.124 73 18.120 0.126
207Pb/204Pb 47 15.525 0.018 125 15.526 0.012 73 15.490 0.009
208Pb/204Pb 47 38.114 0.171 125 38.242 0.102 73 37.973 0.122
176Hf/177Hf 20 0.283 0.000 7 0.283 0.000 7 0.283 0.000
Sm/Nd 101 0.327 0.007 186 0.318 0.008 129 0.324 0.007
Zr/Hf 88 40.90 1.51 184 41.65 0.99 126 39.21 1.08
Ba/Th 85 59.31 9.63 175 96.35 5.77 116 80.99 5.51
Nb/U 80 43.25 3.59 177 47.95 1.85 109 43.39 1.98
Ce/Pb 79 26.12 1.67 176 24.90 1.12 109 22.09 1.50
Nb/Ta 79 15.28 1.05 175 15.19 0.76 98 14.97 1.06
Th/U 83 3.04 0.16 179 3.39 0.11 110 3.23 0.23
Ba/Rb 81 10.10 0.87 176 12.01 0.38 119 11.23 0.49
Ba/Cs 59 852 47 155 915 61 51 849 101
Rb/Cs 59 77.84 5.18 155 75.58 4.31 52 81.78 7.08
K/U 81 11284 1105 163 13360 833 103 14217 1289
Y/Ho 89 28.30 0.64 180 27.16 0.22 124 28.20 0.62
Zr/Sm 98 30.34 0.95 185 28.20 0.49 127 29.56 0.74
Hf/Nd 88 0.241 0.009 184 0.215 0.007 126 0.244 0.008
Y/Yb 98 10.10 0.16 185 10.04 0.07 125 10.28 0.13120
Atlantic	 D-MORB	 in	 moderately	 incompatible	
elements.	 Hence,	 the	 difference	 between	 mean	
Atlantic	and	mean	Pacific	compositions,	inclusive	
of	 all	 segments,	 can	 be	 attributed	 to	 the	 effect	
of	 plumes,	 as	 the	 difference	 disappears	 (with	









Trace Element Ratios 
There	are	perceptible	differences	in	trace	element	
ratios	in	MORB	from	the	different	ocean	basins.	















n BAB Mean1 ±	(95%	conf)
Ba 36 64.3 21.0
Be 15 0.45 0.08
Ce 36 12.14 1.99
Co 35 37.6 1.6
Cr 36 189 30
Cs 35 0.129 0.049
Cu 36 81 7
Dy 35 4.64 0.68
Er 35 2.90 0.45
Eu 36 1.08 0.11
Ga 36 15.5 0.6
Gd 35 3.92 0.52
Hf 36 2.15 0.38
Ho 36 1.00 0.15
La 36 4.66 1.01
Li 17 6.4 0.9
Lu 36 0.44 0.07
Mn 9 0.17 0.01
Mo 13 0.33 0.08
Nb 36 3.01 1.08
Nd 36 9.64 1.28
Ni 36 76 11
Pb 36 1.08 0.26
Pr 35 1.91 0.30
Rb 36 6.16 2.08
Sc 35 36.3 1.9
Sm 36 3.03 0.41
Sn 13 0.55 0.09
Sr 36 175 26
Ta 36 0.19 0.06
Tb 36 0.70 0.10
Th 35 0.440 0.132
Ti 9 0.87 0.21
Tl 19 0.044 0.016
U 35 0.161 0.040
V 31 285 18
W 13 0.08 0.04
Y 36 27.8 4.0
Yb 36 2.87 0.44
Zn 25 79.5 6.1
Zr 36 80.6 14.5
87Sr/86Sr 23 0.703131 0.000161
143Nd/144Nd 23 0.513073 0.000012
206Pb/204Pb 23 18.438 0.174
207Pb/204Pb 23 15.519 0.014
208Pb/204Pb 23 38.119 0.161
176Hf/177Hf 7 0.283 0.000
Sm/Nd 36 0.314 0.016
Zr/Hf 36 37.44 1.37
Ba/Th 35 149.75 35.39
Nb/U 35 18.97 5.37
Ce/Pb 36 11.20 2.29
Nb/Ta 36 15.53 0.89
Th/U 35 2.74 0.37
Ba/Rb 36 10.44 1.24
Ba/Cs 35 512 64
Rb/Cs 35 49.02 6.54
K/U 28 19693 4294
Y/Ho 36 27.92 0.72
Zr/Sm 36 26.60 1.54
Hf/Nd 36 0.223 0.019
















































are slightly higher in 87Sr/86Sr	and	lower	in	143Nd/144Nd	than	the	Atlantic.	They	also	have	
distinctly	low	206Pb/204Pb	relative	to	the	other	ocean	basins.	These	observed	87Sr/86Sr,	












































































































4.12).	 We	 therefore	 have	 reason	 to	
believe	 that	 our	 master	 database,	
while	consisting	primarily	of	K	data	
measured	 by	 EMP,	 is	 reliable	 for	
assessing	the	K/U	of	global	MORB.	
Of	course,	EMP	is	not	the	most	



















the	 MORB	 reservoir,	 divided	 by	
its	 average	 U	 content,	 to	 arrive	
at	an	estimate	for	the	global	K/U	
ratio.	 Thus,	 occasionally	 errant	
K/U	 ratios	 on	 depleted	 basalts	
due	 to	 imprecise	 K	 EMP	 data	
are	immaterial	to	our	approach.	
Moreover,	 in	 our	 averaging	
scheme	a	segment	with	0.3	wt.%	





Contrast 3: Data treatment























that	 a	 sample	 with	 the	 same	 K/U	










has	 approximately	 the	 same	 effect	
on	the	AM	(2009)	calculated	global	




























































mass	 contribution,	 also	 allowing	
for	 a	 6x	 enrichment	 weighting	
factor	on	 the	 E-MORB	 bin	 (here	
allowing	 concentration	 to	 matter	
when	calculating	the	global	ratio).	
When	 it	 comes	 to	 creating	 the	








The	 mass	 contribution	 assumed	 for	 the	 N-MORB	 bin	 (no	 matter	 how	 N-MORB	






















AM	 (2009)	 pin	 their	
estimated	 proportions	 to	
the	estimate	by	Donnelly	
et	 al.,	 (2004)	 of	 an	
E-MORB	 contribution	
of	 ~3%	 (similar	 to	 their	
5%	 value)	 based	 on	 the	
frequency	 of	 E-MORB	
erupting	 at	 the	 MARK	
segment.  The  Donnelly 
et	 al.	 (2004)	 estimate,	
however,	was	based	on	a	
definition	 of	 E-MORB	 of	
La/Sm	>	2.4.	If	Donnelly	
et	al.	(2004)	had	defined	




increased	 to	 60%.	 In	
short,	 any	 definition	 of	
E-MORB	 and	 N-MORB	
can	 be	 used	 to	 estimate	





































































































The	 conclusion,	 then,	 is	 that	 the	 current	 MORB-source	 mantle	 overlaps	 the	
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Standish,	 J.	 (2005),	 The	 Influence	 of	 Ridge	 Geometry	 on	 Lithospheric	 Accretion	 at	


















rare	 earth	 element	 fractionation	 during	 partial	 melting	 in	 the	 presence	 of	 garnet:	









the gloBal systematics of ocean ridge Basalts: tests of mantle 



















or	 cool	 (Shen	 and	 Forsyth,	 1995;	 Presnall	 et	 al.,	 2002).	 Others	 have	 asserted	 that	





























































we	 examined	 individual	 variation	
diagrams	(including	SiO2,	FeOT,	Al2O3,	
CaO,	Na2O,	TiO2	and	K2O	versus	MgO,	
and P2O5	vs.	K2O	and	TiO2 vs. Na2O)	to	
manually	determine	the	appropriate	
fractionation	 correction	 method.	 We	
first	established	the	straightforward	
protocol	that	there	would	be	two	slopes	
used	 for	 fractionation	 correction:	
one	for	the	“olivine-only”	slope	when	
only	 olivine	 is	 crystallizing	 (slopes	




essential  to  avoid  erroneously  high 
values	in	high	MgO	samples.	
For	 simplicity,	 we	 assume	 that	
the	 hinge	 point	 between	 the	 two	
slopes	 occurs	 at	 8.5	 wt.%	 MgO,	 in	
keeping	with	experimental	data	and	
calculated	liquid	lines	of	descent	that	
show	 typical	 plagioclase	 saturation	







































































































































































































and	 Al	 (or	 shallower	 depths)	 is	
apparent	for	the	shallowest	ridge	
segments	 near	 and	 on	 Iceland.	
Si8	also	shows	a	negative	trend	
with	 depth.	 With	 the	 exception	
of	 back-arc	 basins,	 which	 are	
low	in	Ti8,	and	Iceland	segments,	
which	 are	 high	 in	 Ti8,	 there	 is	
also	a	crude	negative	correlation	
between	Ti8	and	depth.	Fe8 and 
Ca8	 correlate	 positively	 with	
depth.	 Segments	 on	 and	 near	
Iceland	are	notably	offset	in	the	
Ca8-depth	 trend	 to	 lower	 Ca8. 
In	 general	 terms,	 shallow	 ridge	







our	 study	 has	 fractionation-corrected	 values	 from	 the	
full	range	of	axial	depths	(+1000	to	-5000)	and	spreading	















These	segments	also	possess	low	Ca8.	Back-arc	basin	basalts	(BAB)	have	low	Fe8 and high Al8.154
Ti8	(e.g.,	Langmuir	et	al.,	2006),	clearly	evident	in	this	new	compilation.	The	back-arc	
basins	as	a	group	have	a	positive	correlation.	For	open-ocean	ridges	there	is	a	group	
with	high	Na8 at the same Ti8 as other ridges.












circles)	possess	low	Ti8 for their Na8.155











of	 subaerial	 Iceland	 data,	 which	
does	 not	 extend	 the	 original	
correlation,	 but	 forms	 a	 kink	
towards	higher	Na8	contents.	The	
present	 study	 also	 extends	 the	





Fe8	 and	 depth	 is	 also	 very	
similar	 between	 the	 present	 and	





SEIR.	 In	 the	 earlier	 studies	 that	




























depth,	 the	 quantification	 of	 errors,	 and	 the	 inclusion	 of	 spreading	 rate	 for	 each	
segment,	 permitting	 exploration	 of	 variations	 with	 spreading	 rate.	 These	 additions	
reveal	relationships	that	were	not	known	previously,	as	will	be	developed	below.



























because	 most	 elements	 have	 uni-directional	 changes	 with	 extent	 of	 melting.	 In	
contrast,	at	constant	pressure,	CaO	first	increases	with	extent	of	melting,	and	then	
decreases	once	cpx	is	exhausted	from	the	residue.	This	leads	to	a	smaller	relative	range	
of	variation	than	the	other	elements	(with	the	exception	of	SiO2).	High	Fe8 magmas have 
a	large	decrease	in	Ca	to	get	to	Ca90,	while	low	Fe8	magmas	have	little	correction.	Since	
the range of Ca8	is	already	limited,	and	olivine	correction	is	orthogonal	to	the	variations	
in	the	8-values,	the	trends	for	Ca90	are	lessened	relative	to	the	trends	for	8-values.	
These	factors	then	lead	to	an	expansion	of	the	range	of	Al90,	Na90,	Si90 and Ti90 



















































5.4).	In	order	to	demonstrate	this,	we	have	calculated	the	Na8 anomaly relative to the 






































































































be	 derived	 from	 mantle	





depth	 bin,	 ruling	 out	 any	
possibility	 of	 evaluation	 of	
regional	variations.	Indeed,	if	
we	apply	the	method	of	NO	
(2008)	 and	 bin	 our	 global	
data	 by	 sample	 eruption	
depth,	the	1500-1750	m	bin	
contains	samples	from	more	























































































is	 when	 the	 same	
polynomial	 is	 used	
to	 correct	 samples	






translates  it  along  a 
line	of	constant	slope	
(with	Mg/(Mg+0.9Fe))	
=	 0.72)	 on	 an	 Fe-
Mg  diagram.  High 
FeO	 samples	 will	 be	
corrected	necessarily	





























































NO	 (2008)	 work.	 Note	 that	 the	





relative	 to	 olivine	 is	 smaller,	 so	




scheme	 should	 not	 be	 used	 for	
fractionation	 correction.	 It	 is	
immaterial	 whether	 corrections	
are	 made	 to	 a	 constant	 MgO	
content,	 or	 a	 constant	 Mg#,	
or	 to	 equilibrium	 with	 some	
forsterite	content.	All	of	these	are	
equivalent	provided	care	is	taken	
with	 the	 phase	 equilibria	 and	
liquid	 lines	 of	 descent.	 For	 this	
reason  one  sees  similar  ranges 
and	systematics	in	the	“8’s”	and	
“Fo90’s”	published	in	this	paper.	



















































































dilution	 effect,	 so	 Na	 contents	




higher	 Na	 contents,	 and	
hence	source	heterogeneity	
creates	a	positive	correlation	
between	 Na	 and	 Fe,	 as	
calculated	 by	 Langmuir	
et	 al.	 (1992),	 seen	 in	 the	
output	 from	 pMELTS,	 and	
apparent	 in	 experimental	
data	 on	 sources	 of	 varying	
fertility	(Figure	5.16).	





























higher Na8 or Na90	than	they	“should”,	which	is	readily	explained	by	source	enrichment.	
The	anomalously	low	Fe90	of	the	segments	near	the	Azores	plume	has	also	been	explained	175
in  terms  of  major  element 
heterogeneity	 associated	
with	 the	 plume	 (Langmuir	
and	Hanson,	1980;	Schilling,	
1980).	There	is	little	doubt	
that  mantle  heterogeneity 
has	 a	 secondary	 effect	
on	 basalt	 major	 element	
compositions.










2004;	 Gale	 et	 al.,	 2011).	
Low-degree	 melts	 have	 a	





























































































































































suPPlementary material for chaPter 2


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Sample	Name AII0127-1-022-005(A) AII0127-1-022-006(B) AII0127-1-R066 AII0127-2-029 AII0127-2-R087
Detrick	Segment KP-2 KP-2 KP-2 KP-2 KP-2
Sample	Group n/a n/a n/a n/a n/a
Latitude 39.038 39.038 39.059 39.432 39.307
Longitude -30.025 -30.025 -30.027 -29.846 -29.949
Depth 1279 1860 1662
TE	Ref Harvard Harvard Harvard Harvard Harvard
TE Method ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 5.7 5.3 5.9 14.0 6.2
Be 0.98 0.88 0.97 0.83 0.95
Sc 33.5 33.9 34.1 34.3 34.2
Ti 1.86 1.67 1.91 1.66 1.82
V 304 279 310 243 297
Cr 60 84 84 298 104
Mn 0.17 0.17 0.17 0.15 0.18
Co 38.5 37.2 38.2 37.6 37.3
Ni 41 47 45 93 48
Cu 58 66 62 71 56
Zn 89.8 80.5 92.3 73.4 90.6
Ga 17.7 16.6 17.9 16.1 18.0
Rb 21.35 19.43 19.75 15.58 18.87
Sr 272 259 271 287 237
Y 26.9 25.3 27.9 21.9 30.1
Zr 146.6 133.4 146.7 129.4 146.5
Nb 33.91 30.33 31.99 28.01 29.88
Mo 1.21 1.08 1.17 1.07 1.12
Sn 1.16 1.09 1.20 1.04 1.18
Cs 0.21 0.20 0.20 0.17 0.20
Ba 248.5 224.4 231.4 183.2 217.8
La 20.28 18.49 19.22 16.63 18.59
Ce             42.26 38.37 40.43 34.55 39.18
Pr             5.24 4.76 5.08 4.37 4.94
Nd             21.30 19.73 21.03 18.32 20.78
Sm												 4.64 4.30 4.70 4.03 4.69
Eu             1.50 1.42 1.53 1.35 1.53
Gd             5.05 4.73 5.20 4.34 5.34
Tb												 0.80 0.75 0.83 0.68 0.86
Dy             4.72 4.47 4.94 3.97 5.21
Ho             0.96 0.91 1.00 0.79 1.08
Er             2.60 2.49 2.68 2.13 2.95
Yb												 2.46 2.32 2.59 1.96 2.81
Lu             0.38 0.36 0.39 0.30 0.43
Hf 3.41 3.16 3.40 2.97 3.50
Ta 1.89 1.70 1.79 1.60 1.70
W 0.39 0.36 0.37 0.34 0.36
Tl 0.028 0.026 0.028 0.021 0.026
Pb 1.48 1.35 1.42 1.07 1.42
Th 2.25 2.03 2.12 1.79 2.04
U 0.64 0.58 0.61 0.54 0.59
Table	A2:	Trace	Element	Concentrations	of	Glassy	Basalts	From	Segments	KP-2,3,5	and	PO-1
a 190
AII0127-2-R089 AII0127-2-R090 AII0127-1-021-003 AII0127-1-021-005 AII0127-1-R063 AII0127-2-030
KP-2 KP-2 KP-3 KP-3 KP-3 KP-3
n/a n/a n/a n/a n/a n/a
39.168 39.104 38.491 38.491 38.828 38.754
-29.981 -30.020 -30.265 -30.265 -30.087 -30.096
1523 1210 2095 1240 980
Harvard Harvard Harvard Harvard Harvard Harvard
ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 4.9 5.9 6.1 6.3 4.8 4.1
Be 0.89 0.99 1.40 1.47 0.85 0.95
Sc 35.5 31.4 28.5 29.6 34.6 36.6
Ti 1.70 1.98 2.08 2.13 1.78 1.53
V 266 308 258 264 253 231
Cr 234 97 75 74 409 504
Mn 0.15 0.17 0.16 0.16 0.16 0.15
Co 36.5 36.2 33.6 34.1 42.2 41.5
Ni 77 44 48 48 138 178
Cu 74 64 72 73 77 79
Zn 82.2 96.9 88.8 89.1 82.5 66.3
Ga 16.7 17.9 18.3 18.6 16.8 14.6
Rb 17.40 18.79 23.76 24.39 16.49 18.19
Sr 291 251 373 383 309 315
Y 24.4 29.7 28.2 29.0 24.5 21.7
Zr 132.4 154.3 191.3 195.4 140.1 125.3
Nb 27.56 31.99 36.76 37.36 29.42 25.54
Mo 1.04 1.18 1.54 1.55 1.04 1.17
Sn 1.05 1.26 1.50 1.61 1.21 1.02
Cs 0.18 0.18 0.24 0.25 0.17 0.20
Ba 203.9 225.0 263.6 269.2 199.2 202.1
La 17.06 19.10 23.30 23.86 17.76 15.91
Ce                        35.75 40.74 49.12 50.18 38.12 32.72
Pr                        4.51 5.13 6.08 6.26 4.85 4.15
Nd                        18.62 21.31 25.45 26.15 20.12 17.95
Sm	 	 	 	 	 	 	 	 	 	 	 	 4.24 4.87 5.50 5.62 4.60 3.97
Eu                        1.38 1.58 1.76 1.81 1.48 1.35
Gd                        4.62 5.45 5.76 5.90 4.93 4.30
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.73 0.86 0.90 0.92 0.77 0.68
Dy                        4.32 5.22 5.12 5.28 4.50 3.94
Ho                        0.85 1.06 1.01 1.03 0.87 0.77
Er                        2.32 2.86 2.70 2.77 2.33 2.09
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.16 2.72 2.46 2.52 2.09 1.91
Lu                        0.33 0.42 0.38 0.39 0.32 0.29
Hf 3.08 3.58 4.27 4.31 3.26 2.87
Ta 1.56 1.78 2.09 2.11 1.66 1.46
W 0.34 0.37 0.44 0.44 0.33 0.34
Tl 0.026 0.027 0.036 0.039 0.024 0.028
Pb 1.38 1.50 1.94 1.93 1.27 1.22
Th 1.91 2.07 2.43 2.47 1.81 1.71
U 0.54 0.60 0.77 0.77 0.54 0.54
Table	A2	(Continued)191
AII0127-1-019-001A AII0127-1-017-002 AII0127-1-017-003 AII0127-1-017-005 AII0127-1-018-001
KP-4 KP-5 KP-5 KP-5 KP-5
n/a Enriched Enriched n/a Normal
38.123 37.836 37.836 37.836 37.979
-30.728 -31.518 -31.518 -31.518 -31.471
1877 1009 1009 1009 1725
Harvard Harvard Harvard Harvard Harvard
ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 4.4 3.6 3.7 3.9 4.2
Be 0.78 0.63 0.65 0.60 0.35
Sc 35.1 39.7 39.9 44.5 47.2
Ti 1.45 1.24 1.30 1.30 0.95
V 239 229 237 256 254
Cr 228 330 346 390 109
Mn 0.15 0.14 0.14 0.15 0.17
Co 36.7 37.3 38.4 41.5 45.6
Ni 82 102 100 112 72
Cu 86 74 86 90 100
Zn 66.8 57.8 62.0 65.5 68.8
Ga 15.2 14.6 14.9 15.2 14.8
Rb 17.48 16.01 19.78 17.23 5.37
Sr 288 284 283 263 141
Y 22.6 19.9 20.6 21.6 21.4
Zr 124.9 86.7 94.5 90.6 60.6
Nb 34.86 26.33 28.26 25.73 9.95
Mo 1.41 1.00 1.17 0.99 0.42
Sn 0.97 0.82 0.78 0.74 0.52
Cs 0.22 0.19 0.25 0.21 0.06
Ba 230.5 222.4 241.7 213.5 65.8
La 20.85 14.66 15.66 14.37 6.14
Ce                        40.17 28.92 30.86 28.62 13.34
Pr                        4.80 3.56 3.78 3.54 1.80
Nd                        19.65 14.53 15.82 14.64 8.25
Sm	 	 	 	 	 	 	 	 	 	 	 	 4.08 3.29 3.46 3.39 2.29
Eu                        1.34 1.10 1.20 1.13 0.83
Gd                        4.37 3.62 3.83 3.83 3.07
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.69 0.57 0.61 0.61 0.53
Dy                        4.00 3.43 3.65 3.73 3.50
Ho                        0.81 0.69 0.74 0.74 0.74
Er                        2.20 1.91 2.03 2.08 2.13
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.05 1.78 1.92 1.94 2.09
Lu                        0.31 0.28 0.29 0.31 0.33
Hf 2.83 2.05 2.23 2.17 1.55
Ta 1.89 1.51 1.53 1.42 0.57
W 0.49 0.37 0.40 0.37 0.16
Tl 0.021 0.029 0.018 0.016 0.008
Pb 1.11 0.88 0.80 0.41
Th 2.58 1.87 1.95 1.81 0.68
U 0.78 0.64 0.56 0.51 0.23
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AII0127-1-018-002 AII0127-1-R046 AII0127-1-R048 AII0127-2-033-002 AII0127-2-034-002(A) AII0127-1-015-001
KP-5 KP-5 KP-5 KP-5 KP-5 PO-1
Normal Normal Enriched Normal Normal Normal
37.979 37.711 37.889 38.048 37.590 37.291
-31.471 -31.558 -31.503 -31.446 -31.602 -32.283
1421 1365 2050 1950 1706
Harvard Harvard Harvard Harvard Harvard Harvard
ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 3.5 5.8 3.9 5.4 5.3 4.8
Be 0.37 0.49 0.65 0.43 0.46 0.35
Sc 45.8 42.0 39.5 41.8 43.1 39.8
Ti 0.91 1.33 1.30 1.13 1.16 0.99
V 245 303 240 273 287 253
Cr 115 56 374 65 66 74
Mn 0.16 0.19 0.15 0.18 0.17 0.17
Co 44.4 44.2 38.6 45.0 43.2 44.0
Ni 76 43 100 52 51 60
Cu 100 79 84 97 82 73
Zn 65.0 91.3 63.3 80.8 77.6 75.0
Ga 14.7 16.9 14.9 15.9 15.7 15.1
Rb 4.67 6.31 17.70 5.12 5.53 4.54
Sr 142 133 265 123 134 100
Y 20.3 28.3 20.8 24.7 25.6 23.4
Zr 57.3 84.4 93.0 68.5 72.0 56.4
Nb 9.42 12.80 25.67 9.89 10.86 8.11
Mo 0.56 0.57 1.06 0.49 0.49 0.43
Sn 0.67 0.77 0.76 0.64 0.64 0.52
Cs 0.07 0.07 0.22 0.05 0.06 0.05
Ba 62.1 74.6 211.8 61.8 66.9 56.5
La 5.79 8.14 14.63 6.19 6.93 4.91
Ce                        12.67 17.91 28.91 13.71 15.15 10.84
Pr                        1.72 2.45 3.59 1.90 2.09 1.53
Nd                        7.85 11.15 15.14 8.89 9.67 7.45
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.19 3.12 3.38 2.56 2.71 2.26
Eu                        0.80 1.08 1.16 0.93 0.97 0.84
Gd                        2.93 4.15 3.79 3.48 3.66 3.22
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.50 0.71 0.61 0.61 0.63 0.57
Dy                        3.36 4.67 3.64 4.05 4.16 3.82
Ho                        0.71 1.00 0.75 0.88 0.91 0.83
Er                        2.02 2.83 2.05 2.48 2.54 2.36
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.00 2.78 1.94 2.46 2.54 2.36
Lu                        0.32 0.44 0.30 0.39 0.39 0.37
Hf 1.46 2.17 2.21 1.80 1.85 1.55
Ta 0.54 0.92 1.41 0.57 0.69 0.47
W 0.17 0.36 0.14 0.15 0.12
Tl 0.010 0.018 0.010 0.011 0.006
Pb 0.42 0.57 0.85 0.47 0.44 0.39
Th 0.63 0.85 1.76 0.66 0.74 0.54
U 0.24 0.27 0.51 0.21 0.35 0.16
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AII0127-1-015-002 AII0127-1-R041 AII0127-2-035	 AII0127-2-036-011 AII0127-2-036-020 AII0127-2-037
PO-1 PO-1 PO-1 PO-1 PO-1 PO-1
Normal Enriched Normal Normal Normal Normal
37.291 37.284 37.421 37.256 37.256 37.256
-32.283 -32.281 -32.270 -32.288 -32.288 -32.300
1706 1561 2728 1959 1959 1959
Harvard Harvard Harvard Harvard Harvard Harvard
ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 4.9 4.6 5.4 5.0 4.8 4.3
Be 0.36 0.54 0.51 0.42 0.41 0.34
Sc 40.6 42.8 40.9 39.5 38.9 42.1
Ti 1.05 1.34 1.30 1.13 1.08 0.94
V 263 258 279 249 250 238
Cr 77 491 285 92 38 284
Mn 0.18 0.16 0.17 0.17 0.17 0.16
Co 45.6 41.3 43.2 43.0 44.6 43.2
Ni 62 95 84 60 53 89
Cu 77 83 74 76 75 88
Zn 76.7 71.0 83.1 75.8 76.3 66.9
Ga 15.6 15.4 16.1 15.8 15.7 14.6
Rb 4.69 11.22 5.82 4.81 4.87 4.15
Sr 104 196 109 109 115 106
Y 24.3 24.8 28.8 24.6 22.6 22.2
Zr 57.1 86.8 76.7 63.2 61.3 55.0
Nb 8.46 20.30 10.73 8.81 9.09 7.60
Mo 0.42 0.85 0.53 0.46 0.47 0.40
Sn 0.56 0.77 0.72 0.65 0.62 0.53
Cs 0.05 0.13 0.06 0.05 0.05 0.04
Ba 57.6 143.6 66.8 58.0 60.4 50.2
La 4.98 10.78 6.35 5.27 5.35 4.58
Ce                        11.13 22.09 14.36 11.84 11.98 10.34
Pr                        1.58 2.84 2.05 1.68 1.69 1.47
Nd                        7.64 12.20 9.92 8.16 8.03 7.21
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.34 3.13 2.93 2.48 2.39 2.16
Eu                        0.86 1.06 1.03 0.91 0.88 0.80
Gd                        3.31 3.90 4.08 3.47 3.28 3.06
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.59 0.65 0.71 0.61 0.57 0.54
Dy                        3.94 4.22 4.75 4.03 3.75 3.64
Ho                        0.86 0.86 1.02 0.87 0.80 0.79
Er                        2.44 2.43 2.87 2.44 2.26 2.25
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.40 2.34 2.83 2.39 2.21 2.25
Lu                        0.38 0.37 0.44 0.37 0.34 0.35
Hf 1.59 2.16 2.08 1.71 1.65 1.49
Ta 0.48 1.12 0.64 0.50 0.53 0.44
W 0.13 0.27 0.16 0.13 0.13 0.15
Tl 0.006 0.012 0.008 0.006 0.007 0.006
Pb 0.41 0.63 0.48 0.42 0.42
Th 0.55 1.32 0.69 0.57 0.58 0.49
U 0.16 0.38 0.22 0.17 0.18 0.17
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AII0127-2-R108-001 AII0127-2-R113-001 AII0127-2-R116-002 AII0129-6-002-001 AII0129-6-003
PO-1 PO-1 PO-1 PO-1 PO-1
Normal Normal Enriched Normal Normal
37.316 37.411 37.278 37.285 37.335
-32.279 -32.270 -32.291 -32.281 -32.289
1801 2658 1755
Harvard Harvard Harvard Harvard Harvard
ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 4.4 5.3 4.2 4.8 5.5
Be 0.31 0.47 0.56 0.36 0.45
Sc 42.9 40.6 42.4 42.3 40.7
Ti 0.95 1.26 1.22 1.07 1.30
V 258 278 235 273 283
Cr 100 465 848 77 154
Mn 0.16 0.17 0.15 0.18 0.17
Co 45.4 42.8 40.2 46.2 43.0
Ni 68 88 114 63 71
Cu 88 83 90 77 70
Zn 71.5 83.0 70.2 80.0 83.5
Ga 15.1 15.9 14.9 15.8 16.3
Rb 3.46 5.58 12.21 4.70 7.43
Sr 105 107 217 108 117
Y 21.6 28.1 21.8 24.6 28.8
Zr 47.8 74.2 81.5 57.7 76.1
Nb 6.51 10.34 20.85 8.62 13.35
Mo 0.33 0.52 1.00 0.44 0.59
Sn 0.47 0.74 0.70 0.56 0.72
Cs 0.03 0.06 0.14 0.05 0.08
Ba 43.3 65.4 160.1 58.0 85.6
La 3.95 6.11 11.46 5.06 7.47
Ce                        9.05 13.85 23.11 11.28 16.19
Pr                        1.30 1.97 2.91 1.59 2.22
Nd                        6.47 9.56 12.21 7.69 10.24
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.06 2.87 3.02 2.36 2.98
Eu                        0.77 1.00 1.01 0.86 1.02
Gd                        2.97 3.96 3.56 3.37 4.07
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.52 0.70 0.59 0.59 0.70
Dy                        3.56 4.58 3.74 4.05 4.73
Ho                        0.76 0.99 0.75 0.87 1.01
Er                        2.13 2.79 2.11 2.45 2.84
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.11 2.77 2.00 2.45 2.82
Lu                        0.33 0.43 0.32 0.38 0.44
Hf 1.35 2.03 2.01 1.59 2.04
Ta 0.38 0.59 1.10 0.50 0.75
W 0.10 0.15 0.26 0.12 0.19
Tl 0.005 0.008 0.017 0.006 0.011
Pb 0.32 0.67 0.39 0.48
Th 0.42 0.67 1.39 0.55 0.90
U 0.12 0.20 0.41 0.16 0.26
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AII0129-6-R005 AII0127-1-R064 AII0127-1-R065 AII0127-1-021-001(A) AII0127-2-R093-001 AII0127-2-R095
PO-1 KP-2 KP-2 KP-3 KP-3 KP-5
Normal n/a n/a n/a n/a Normal
37.309 38.887 38.944 38.491 38.575 37.915
-32.292 -30.072 -30.059 -30.265 -30.226 -31.500
1190 1300 2095 1792 1537
Harvard LDEO LDEO LDEO LDEO LDEO
ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 5.5 4.7 5.0 7.0
Be 0.41 1.11 1.08 0.98
Sc 41.7 36.0 28.3 34.9
Ti 1.25 1.49 1.64 1.63
V 290 267 291 260 289 323
Cr 157 64 120 83 176 57
Mn 0.18
Co 44.2 41.0 41.0 32.1 38.0 42.0
Ni 64 52 54 46 69 29
Cu 74 68 70 62 58 72
Zn 85.3 74.0 75.3 85.9 86.5 99.1
Ga 16.9 16.6 16.9 18.5
Rb 5.22 15.24 15.80 21.08 18.66 10.14
Sr 113 300 268 346 283 162
Y 28.1 22.6 24.1 26.7 29.7 33.4
Zr 68.6 111.9 119.3 169.9 148.4 111.8
Nb 9.75 25.18 26.87 32.85 28.88 21.02
Mo 0.48 1.01 0.96 0.91
Sn 0.68 0.90 1.06
Cs 0.06 0.15 0.18 0.12
Ba 62.2 182.9 201.8 236.9 212.7 121.0
La 5.70 15.97 17.54 21.09 18.20 12.95
Ce                        13.01 33.21 35.46 44.24 38.02 27.84
Pr                        1.86 4.12 4.48 5.53 4.76 3.68
Nd                        8.96 17.35 18.79 23.04 19.81 16.69
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.76 3.99 3.99 5.04 4.67 3.74
Eu                        0.99 1.34 1.44 1.68 1.54 1.41
Gd                        3.90 4.27 4.48 5.19 5.07 5.23
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.68 0.67 0.70 0.81 0.83 0.87
Dy                        4.60 3.92 4.21 4.89 4.99 5.66
Ho                        0.99 0.82 0.87 0.95 1.03 1.23
Er                        2.81 2.18 2.37 2.52 2.78 3.32
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.78 2.03 2.28 2.35 2.61 3.37
Lu                        0.44 0.29 0.33 0.35 0.40 0.50
Hf 1.90 2.75 2.90 3.88 3.45 2.90
Ta 0.65 1.48 1.52 1.94 1.60 1.17
W 0.15
Tl 0.007
Pb 0.48 1.28 1.20 1.62 0.73
Th 0.64 1.74 1.87 2.10 1.95 1.42
U 0.18 0.48 0.53 0.62 0.56 0.47196
AII0127-2-R096-002	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	AII0127-2-R097-002 AII0127-2-R098 AII0127-2-R099 AII0127-2-R100 AII0127-2-R101-003
KP-5 KP-5 KP-5 KP-5 KP-5 KP-5
Enriched Enriched Normal Normal Normal Normal
37.846 37.836 37.822 37.766 37.730 37.686
-31.536 -31.505 -31.530 -31.547 -31.542 -31.559
823 811 1042 1312 1338 1594
LDEO LDEO LDEO LDEO LDEO LDEO
ICP-MS LA-ICP-MS LA-ICP-MS ICP-MS ICP-MS LA-ICP-MS
Li 5.3 5.4 5.6
Be 0.98 0.80 0.74
Sc 33.8 35.5 39.0
Ti 1.49 1.48 1.39
V 283 310 309
Cr 24 13 31
Mn
Co 42.6 42.4 46.9
Ni 44 29 44
Cu 106 79 107
Zn 77.3 87.1 89.7
Ga 17.3 17.0 17.3
Rb 19.39 20.95 5.59 8.41 5.83 9.40
Sr 228 238 133 169 144 171
Y 26.8 29.2 28.9 27.9 29.0 31.3
Zr 109.4 117.9 85.5 101.9 87.7 113.2
Nb 28.69 30.75 11.87 17.81 13.22 19.30
Mo 1.22 0.69 0.62
Sn
Cs 0.25 0.09 0.06
Ba 243.2 261.1 70.0 110.4 77.6 114.6
La 16.21 17.30 8.00 11.37 9.12 12.38
Ce                        32.35 31.86 16.37 24.53 19.15 25.91
Pr                        3.99 4.04 2.33 3.13 2.62 3.43
Nd                        16.64 16.57 10.73 14.21 12.23 14.94
Sm	 	 	 	 	 	 	 	 	 	 	 	 3.81 4.04 3.12 3.49 3.32 4.00
Eu                        1.44 1.37 1.08 1.30 1.18 1.36
Gd                        4.66 4.95 4.21 4.52 4.22 4.94
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.76 0.79 0.70 0.79 0.71 0.83
Dy                        4.68 4.84 4.72 4.78 4.71 5.33
Ho                        1.00 1.04 1.05 1.01 1.03 1.12
Er                        2.78 2.82 2.89 2.85 2.80 3.23
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.71 2.73 2.80 2.77 2.82 3.01
Lu                        0.40 0.39 0.42 0.42 0.43 0.46
Hf 2.77 2.71 2.22 2.44 2.44 2.70
Ta 1.64 1.71 0.72 1.01 0.75 1.10
W
Tl
Pb 0.96 0.67 0.69
Th 2.16 2.14 0.77 1.19 0.88 1.25
U 0.55 0.56 0.22 0.40 0.31 0.38
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AII0127-2-R102-003AII0127-1-016-001AII0127-1-R040AII0127-2-036-012AII0127-2-036-024AII0127-2-038-002
KP-5 PO-1 PO-1 PO-1 PO-1 PO-1
Normal Normal Normal Normal Normal Normal
37.658 37.458 37.218 37.256 37.256 37.111
-31.572 -32.225 -32.316 -32.288 -32.288 -32.348
1773 2952 2176 2274 2274 2930
LDEO LDEO LDEO LDEO LDEO LDEO













Rb 6.56 5.82 3.95 4.84 4.58 4.81
Sr 139 112 106 118 103 111
Y 35.9 26.1 23.9 25.8 26.7 28.7
Zr 100.8 65.8 57.1 63.7 58.8 66.0




Ba 79.1 69.7 53.5 59.8 55.4 61.3
La 8.88 6.24 5.06 5.37 4.90 5.70
Ce                        19.34 13.82 11.38 12.48 11.43 12.36
Pr                        2.77 1.92 1.64 1.75 1.61 1.76
Nd                        12.65 9.23 7.96 8.23 7.53 8.45
Sm	 	 	 	 	 	 	 	 	 	 	 	 3.62 2.77 2.45 2.55 2.38 2.61
Eu                        1.36 0.96 0.86 0.96 0.90 1.04
Gd                        5.37 3.94 3.60 3.60 3.50 3.93
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.89 0.69 0.63 0.62 0.62 0.68
Dy                        6.08 4.58 4.26 4.27 4.35 4.50
Ho                        1.32 1.00 0.92 0.91 0.94 1.03
Er                        3.67 2.84 2.60 2.62 2.74 2.94
Yb	 	 	 	 	 	 	 	 	 	 	 	 3.69 2.76 2.48 2.48 2.71 2.85
Lu                        0.56 0.42 0.39 0.38 0.41 0.44
Hf 2.67 1.87 1.65 1.72




Th 0.86 0.68 0.53 0.61
U 0.41 0.21 0.21 0.17
Table	A2	(Continued)198
AII0127-2-038-004AII0127-2-R103-001AII0127-2-R103-002 AII0127-2-R104 AII0127-2-R105AII0127-2-R106-001
PO-1 PO-1 PO-1 PO-1 PO-1 PO-1
Normal Normal Normal Normal Normal Normal
37.111 37.253 37.253 37.267 37.291 37.277
-32.348 -32.293 -32.293 -32.285 -32.300 -32.270
2930 1864 1864 1804 1770 1707
LDEO LDEO LDEO LDEO LDEO LDEO
ICP-MS ICP-MS LA-ICP-MS ICP-MS ICP-MS LA-ICP-MS
Li 5.1 5.3 5.2 4.4











Rb 4.32 4.61 4.45 4.72 4.36 3.59
Sr 108 117 115 116 113 93
Y 25.1 24.7 24.7 24.7 23.2 19.3
Zr 55.0 55.3 58.3 63.2 60.3 48.0
Nb 8.37 9.06 8.31 8.90 8.39 7.10
Mo 0.39 0.41 0.39 0.38
Sn 0.57
Cs 0.05
Ba 54.8 60.2 57.0 61.0 58.7 47.0
La 5.00 5.20 5.03 5.54 5.23 4.11
Ce                        11.15 11.64 10.58 12.43 11.69 8.81
Pr                        1.53 1.63 1.57 1.76 1.65 1.30
Nd                        7.46 7.84 7.51 8.50 7.97 5.99
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.34 2.38 2.36 2.57 2.39 1.91
Eu                        0.92 0.90 0.89 0.95 0.91 0.70
Gd                        3.39 3.32 3.42 3.64 3.37 2.71
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.60 0.59 0.61 0.64 0.59 0.47
Dy                        4.04 3.94 3.89 4.23 3.98 3.25
Ho                        0.90 0.86 0.88 0.92 0.86 0.69
Er                        2.55 2.41 2.52 2.54 2.40 1.97
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.54 2.41 2.41 2.50 2.36 1.90
Lu                        0.39 0.37 0.37 0.38 0.36 0.30
Hf 1.57 1.51 1.79 1.67 1.22




Th 0.56 0.54 0.51 0.58 0.58 0.48
U 0.18 0.16 0.15 0.17 0.17 0.14
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AII0127-2-R107AII0127-2-R108-003AII0127-2-R109-003AII0127-2-R110AII0127-2-R111-001AII0127-2-R112-001
PO-1 PO-1 PO-1 PO-1 PO-1 PO-1
Normal Normal Normal Normal Normal Normal
37.312 37.316 37.341 37.359 37.371 37.400
-32.267 -32.279 -32.270 -32.263 -32.234 -32.224
1808 1801 2125 2207 2558 2617
LDEO LDEO LDEO LDEO LDEO LDEO
ICP-MS LA-ICP-MS LA-ICP-MS ICP-MS ICP-MS ICP-MS
Li 5.5 5.6 4.3 6.0











Rb 5.40 2.92 4.48 6.26 5.33 4.90
Sr 111 97 114 108 107 106
Y 27.5 21.4 22.7 28.4 24.0 27.3
Zr 66.7 49.3 58.7 77.4 60.9 63.8
Nb 10.41 5.62 8.66 12.16 10.06 9.95
Mo 0.48 0.51 0.44 0.43
Sn
Cs
Ba 71.3 36.5 57.9 81.7 72.4 64.0
La 6.38 3.60 5.24 7.40 6.10 5.91
Ce                        14.27 7.50 10.32 16.12 13.24 13.31
Pr                        2.00 1.18 1.52 2.23 1.80 1.88
Nd                        9.58 5.71 7.12 10.44 8.44 9.08
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.85 1.84 2.21 3.05 2.44 2.71
Eu                        1.00 0.71 0.82 1.04 0.87 0.96
Gd                        4.10 2.86 3.22 4.13 3.43 3.80
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.71 0.50 0.55 0.72 0.60 0.67
Dy                        4.79 3.54 3.68 4.80 4.06 4.46
Ho                        1.04 0.77 0.82 1.06 0.90 0.97
Er                        2.93 2.22 2.36 2.96 2.57 2.74
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.86 2.07 2.24 2.91 2.56 2.72
Lu                        0.44 0.30 0.35 0.44 0.39 0.41
Hf 2.00 1.44 1.60 2.10 1.64 1.82




Th 0.71 0.44 0.59 0.84 0.70 0.64
U 0.21 0.11 0.18 0.24 0.20 0.18
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AII0127-2-R114-001 AII0127-2-R116-001 AII0127-2-R117-001 AII0127-2-R118-001 AII0129-6	2602-3
PO-1 PO-1 PO-1 PO-1 PO-1
Normal Enriched Normal Normal Enriched
37.428 37.278 37.236 37.177 37.294
-32.244 -32.291 -32.296 -32.329 -32.274
2836 1755 2083 2466
LDEO LDEO LDEO LDEO LDEO













Rb 4.18 11.65 4.69 5.27 20.55
Sr 111 218 108 117 285
Y 24.7 21.1 28.9 23.6 23.3
Zr 63.4 79.2 66.4 64.5 92.0




Ba 52.6 172.1 60.5 64.3 280.6
La 5.18 11.64 5.60 5.60 17.16
Ce                        10.69 23.13 12.88 13.11 32.75
Pr                        1.58 2.90 1.84 1.79 3.89
Nd                        7.69 12.22 9.14 8.22 15.53
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.44 2.98 2.88 2.48 3.47
Eu                        0.90 1.06 1.03 0.95 1.20
Gd                        3.51 3.55 4.05 3.38 3.77
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.63 0.59 0.71 0.58 0.61
Dy                        4.14 3.75 4.81 3.89 3.80
Ho                        0.91 0.78 1.05 0.85 0.80
Er                        2.57 2.16 2.99 2.46 2.20
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.45 2.08 2.95 2.36 2.12
Lu                        0.37 0.32 0.45 0.35 0.33
Hf 1.69 2.05 1.95 1.64 2.13




Th 0.56 1.47 0.61 0.61 2.26
U 0.15 0.41 0.23 0.22 0.57
Table	A2	(Continued)201
AII0129-6	2602-5a AII0129-6	2602-5b AII0129-6	2602-5c AII0129-6	2604-3 AII0129-6-R008 AII0129-6-R010	SED
PO-1 PO-1 PO-1 PO-1 PO-1 PO-1
Enriched Enriched Enriched Enriched Transitional Transitional
37.300 37.300 37.300 37.296 37.305 37.332
-32.272 -32.272 -32.272 -32.272 -32.303 -32.294
LDEO LDEO LDEO LDEO LDEO LDEO
ICP-MS ICP-MS ICP-MS ICP-MS LA-ICP-MS ICP-MS
Li 3.6 3.6
Be 0.86 0.86
Sc 36.4 36.4 42.4
Ti
V 225 225 249
Cr 416 416 430
Mn
Co
Ni 107 107 118
Cu 86 86 87
Zn 57.8 57.8 63.0 70.7 70.1
Ga
Rb 19.41 19.61 19.81 16.27 5.79 5.11
Sr 258 269 281 291 139 123
Y 21.3 21.6 21.8 22.9 22.6 22.2
Zr 83.2 86.2 89.3 88.6 57.8 55.6




Ba 261.6 273.1 284.5 282.3 99.5 79.9
La 16.02 16.62 17.23 17.40 6.81 5.85
Ce                        30.35 31.35 32.36 32.90 14.43 12.58
Pr                        3.63 3.73 3.84 3.84 1.93 1.69
Nd                        14.53 14.99 15.45 15.28 8.99 7.88
Sm	 	 	 	 	 	 	 	 	 	 	 	 3.18 3.28 3.38 3.40 2.54 2.19
Eu                        1.12 1.14 1.17 1.18 0.95 0.84
Gd                        3.56 3.65 3.74 3.64 3.52 3.16
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.58 0.59 0.60 0.60 0.59 0.53
Dy                        3.57 3.63 3.69 3.61 3.89 3.62
Ho                        0.75 0.76 0.77 0.78 0.87 0.78
Er                        2.07 2.08 2.09 2.09 2.43 2.26
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.00 2.02 2.05 2.04 2.21 2.08
Lu                        0.30 0.30 0.31 0.31 0.36 0.32
Hf 1.99 2.03 2.08 2.04 1.68 1.55
Ta 1.62 1.66 1.70 1.73 0.71 0.58
W
Tl
Pb 0.82 0.86 0.89 0.41 0.34
Th 2.07 2.14 2.22 2.21 0.80 0.66
U 0.53 0.54 0.55 0.55 0.19 0.17
Table	A2	(Continued)202
AII0129-6-R011	SED AII0129-6-R012 AII0129-6-R013 AII0129-6-R014 AII0129-6-R016
PO-1 PO-1 PO-1 PO-1 PO-1
Transitional Enriched Normal Normal Normal
37.292 37.335 37.245 37.234 37.161
-32.291 -32.300 -32.317 -32.278 -32.335
2160
LDEO LDEO LDEO LDEO LDEO











Zn 69.4 71.2 66.1 47.1
Ga
Rb 5.90 12.03 2.83 2.16 5.34
Sr 121 169 105 77 103
Y 25.8 22.6 20.5 18.1 31.5
Zr 64.8 70.2 44.3 31.2 72.2




Ba 83.9 179.8 45.7 33.6 68.4
La 6.34 11.22 3.74 2.63 6.46
Ce                        13.44 22.20 8.49 5.97 14.51
Pr                        1.78 2.62 1.24 0.84 2.06
Nd                        8.11 11.03 6.02 4.27 9.84
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.46 2.66 1.92 1.28 2.96
Eu                        0.87 0.97 0.78 0.57 1.07
Gd                        3.48 3.73 2.83 2.34 4.27
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.57 0.58 0.49 0.37 0.75
Dy                        3.68 3.34 2.76 5.09
Ho                        0.84 0.80 0.72 0.62 1.11
Er                        2.42 2.20 2.09 1.82 3.16
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.24 2.11 1.95 1.75 3.21
Lu                        0.37 0.33 0.30 0.28 0.49
Hf 1.66 1.77 1.26 0.94 2.00
Ta 0.66 1.14 0.36 0.25 0.61
Pb 0.36 0.26
Th 0.74 1.45 0.39 0.28 0.69
U 0.17 0.35 0.10 0.06 0.21
Table	A2	(Continued)203




BHVO-2 DNC-1 W-2 JB-2 MAR
Li 4.6 5.1 9.3 8.25 5.6
Be 1.22 0.224 0.74 0.32 0.403
Sc 30.8 31 35 54.4 39.3
Ti 2.73 0.48 1.06 1.19 1.24
V 299 148 262 578 261
Cr 288 285 93 25 320
Mn 0.1722 0.149 0.163 0.219 0.1808
Co 44 57 44 36 54.12
Ni 112 251 70 13.7 150.9
Cu 131 96 103 227 73.7
Zn 108 64 77 109 78.4
Ga 21 14 17.5 17 15
Rb 9.76 3.65 20 6.2 0.9
Sr 388 144.5 196.5 178 92
Y 27.00 18.00 22.20 24.50 31.90
Zr 180 38 93.5 48.3 78
Nb 19.8 1.66 7.9 0.57 1.534
Mo 3.740 0.150 0.472 0.959 0.215
Sn 1.707 1.308 1.678 0.590 0.733
Cs 0.0965 0.21 0.9 0.79 0.03
Ba 129 103 172 218 6.6
La 15 3.56 10.7 2.4 2.023
Ce                        36.8 8.3 23.4 6.64 6.94
Pr                        5.29 1.12 3.02 1.15 1.31
Nd                        24.2 4.98 12.91 6.7 7.6
Sm	 	 	 	 	 	 	 	 	 	 	 	 5.92 1.43 3.24 2.25 2.715
Eu                        1.94 0.57 1.1 0.855 1.069
Gd                        6.32 2.11 3.732 3.3 4.105
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.95 0.4 0.624 0.58 0.76
Dy                        5.34 2.76 3.831 3.93 5.113
Ho                        0.984 0.62 0.801 0.863 1.14
Er                        2.46 1.869 2.168 2.5 3.266
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.02 1.98 2.05 2.52 3.203
Lu                        0.296 0.314 0.314 0.4 0.494
Hf 4.45 0.991 2.48 1.4 2.08
Ta 1.19 0.098 0.5 0.046 0.2
W 0.2299 0.0592 0.2765 0.3221
Tl 0.0194 0.0207 0.0919 0.0339 0.0133
Pb 1.66 6.3 7.8 5.31 0.31
Th 1.19 0.24 2.1 0.26 0.0962










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































suPPlementary material for chaPter 3




















































intensities	 from	 30	 to	 45	
volts.  87Sr/86Sr	 ratios	 were	
Kr-corrected	 and	 normalized	
to  86Sr/88Sr=0.1194.	 On	
TIMS	 and	 the	 MC-ICP-MS,	
NBS	 987	 was	 analyzed	 every	
few	 samples	 and	 used	 to	
correct	the	measured	sample	
values to a value of  87Sr/86Sr	
=	 0.710235	 for	 NBS	 987.	
To	 ensure	 consistency,	 we	
reanalyzed	 the	 87Sr/86Sr	 of	
some  famous	 samples	 on	 the	














B2. comParison Between our electron microProBe major element data and smithsonian 
major element data 

















value	 of	 VG-2,	 to	 estimate	 interlab	
bias	factors	that	could	be	applied	to	
the	Smithsonian	dataset.	To	confirm	
our	 factors,	 we	 also	 reanalyzed	 a	
subset	of	the	samples	that	Melson	et	
al.	(2002)	analyzed	using	the	same	





B3. correcting incomPatiBle trace 
elements  to  Be  in equiliBrium  with 
fo90 olivine
A. The	first	step	in	correcting	trace	
element	 compositions	 to	 be	 in	





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Sample	Name A127	DR13-1 A127	DR13-14 A127	DR13-3 A127	DR13-4 A127	DR13-6 A127	DR13-8 A127	DR14-1
Detrick	Segment PO-2 PO-2 PO-2 PO-2 PO-2 PO-2 PO-2
Sample	Group N.	Famous N.	Famous N.	Famous N.	Famous N.	Famous N.	Famous N.	Famous
Latitude 36.998 36.998 36.998 36.998 36.998 36.998 37.053
Longitude -32.936 -32.936 -32.936 -32.936 -32.936 -32.936 -32.908
Depth
TE Method solution solution solution solution solution solution solution
Li 6.5 5.7 5.7 5.3 5.9 5.6 6.9
Be 0.42 0.38 0.38 0.27 0.34 0.38 0.45
Sc 43.2 40.6 41.1 39.9 42.3 42.6 45.1
Ti 1.25 1.13 1.12 1.01 1.12 1.12 1.41
V 306 286 286 268 287 281 321
Cr 81 130 132 128 130 130 103
Mn 0.20 0.18 0.18 0.17 0.18 0.18 0.20
Co 47.1 46.0 45.7 44.6 47.0 45.7 46.4
Ni 49 63 67 64 63 60 51
Cu 70 74 79 69 76 72 80
Zn 93.8 84.5 83.0 80.8 88.3 83.9 97.6
Ga 17.6 16.2 16.1 15.5 16.3 16.2 17.3
Rb 3.15 3.59 3.61 3.39 3.65 3.59 3.70
Sr 88 90 89 85 88 93 91
Y 33.7 28.6 28.3 26.6 28.8 28.4 36.0
Zr 71.0 59.3 58.3 55.9 60.8 59.8 77.1
Nb 6.41 6.95 6.85 6.62 7.10 6.93 7.74
Mo 0.35 0.38 0.34 0.35 0.35 0.38 0.40
Sn 0.68 0.61 0.58 0.61 0.59 0.76
Cs 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Ba 36.1 43.0 42.4 40.7 43.1 42.1 43.1
La 4.22 4.36 4.32 4.11 4.43 4.37 5.08
Ce             10.55 10.35 10.32 9.75 10.52 10.57 12.42
Pr             1.62 1.54 1.53 1.47 1.57 1.55 1.89
Nd             8.39 7.74 7.59 7.35 7.95 7.72 9.67
Sm												 2.85 2.54 2.48 2.39 2.57 2.51 3.18
Eu             1.01 0.89 0.89 0.87 0.92 0.89 1.13
Gd             4.36 3.75 3.71 3.54 3.79 3.74 4.74
Tb												 0.78 0.66 0.66 0.63 0.68 0.66 0.85
Dy             5.35 4.56 4.49 4.30 4.61 4.51 5.73
Ho             1.18 1.01 1.00 0.94 1.01 0.99 1.26
Er             3.37 2.86 2.81 2.71 2.90 2.82 3.63
Yb												 3.36 2.85 2.81 2.69 2.88 2.80 3.62
Lu             0.52 0.44 0.44 0.42 0.45 0.44 0.57
Hf 2.09 1.70 1.70 1.60 1.73 1.71 2.16
Ta 0.38 0.40 0.40 0.37 0.41 0.42 0.45
W 0.09 0.10 0.10 0.10 0.10
Tl 0.006 0.006 0.006 0.008 0.006 0.007 0.006
Pb 0.43 0.33 0.33 0.36 0.43 0.32 0.43
Th 0.42 0.45 0.45 0.43 0.46 0.45 0.50
U 0.14 0.15 0.14 0.15 0.14 0.14 0.17
Table	B2:	Trace	Element	Concentrations	of	Glassy	Basalts	From	Segments	PO-2	and	-3
a 217
A127	DR14-2 A127	DR14-3 A127	RC	119 A127	RC	27 A127	RC	28 A127	RC	29 A127	RC	30 A127	RC	31
PO-2 PO-2 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
N.	Famous N.	Famous HiTi Main Main Main HiBa,	Main Main
37.053 37.053 36.912 36.600 36.660 36.690 36.716 36.855
-32.908 -32.908 -33.235 -33.347 -33.331 -33.325 -33.308 -33.254
solution solution solution solution solution solution solution solution
Li 6.6 6.0 6.2 5.3 5.4 4.6 4.7 4.9
Be 0.48 0.35 0.51 0.44 0.42 0.35 0.31 0.43
Sc 45.2 43.3 40.3 42.3 40.1 45.7 40.5 37.2
Ti 1.38 1.15 1.34 1.12 1.21 0.96 0.98 1.11
V 322 283 305 284 274 265 247 245
Cr 108 208 311 161 318 225 319 423
Mn 0.20 0.18 0.18 0.17 0.16 0.17 0.16 0.16
Co 46.1 46.1 45.3 44.7 42.8 45.7 43.0 44.3
Ni 49 80 117 66 100 85 104 131
Cu 76 69 64 90 80 92 82 70
Zn 95.8 89.5 90.3 78.3 77.9 69.0 69.0 79.5
Ga 17.3 15.3 16.9 15.3 15.4 14.4 14.6 15.6
Rb 3.69 2.81 6.57 4.43 4.48 3.14 3.84 4.05
Sr 94 96 102 113 110 105 111 116
Y 35.8 30.2 33.0 25.4 26.5 23.8 22.0 24.1
Zr 77.2 63.9 89.9 68.2 70.3 56.4 57.0 64.2
Nb 7.85 6.45 13.51 9.98 9.92 7.11 8.07 8.71
Mo 0.40 0.66 0.47 0.44 0.35 0.43 0.42
Sn 0.77 0.85 0.68 0.67 0.54 0.59
Cs 0.04 0.03 0.07 0.05 0.05 0.03 0.04 0.04
Ba 43.5 39.3 74.9 52.7 54.2 38.4 53.0 47.7
La 5.06 4.37 7.87 5.85 5.90 4.32 4.86 5.14
Ce                        12.29 10.35 17.59 13.48 13.58 10.25 11.14 11.94
Pr                        1.89 1.62 2.48 1.93 1.95 1.51 1.59 1.74
Nd                        9.64 8.23 11.59 9.14 9.41 7.37 7.67 8.38
Sm	 	 	 	 	 	 	 	 	 	 	 	 3.13 2.67 3.31 2.62 2.74 2.23 2.19 2.49
Eu                        1.12 0.97 1.10 0.93 0.97 0.82 0.81 0.89
Gd                        4.71 3.95 4.58 3.57 3.78 3.18 3.06 3.42
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.84 0.71 0.79 0.62 0.66 0.57 0.54 0.60
Dy                        5.72 4.84 5.31 4.15 4.34 3.84 3.58 3.98
Ho                        1.26 1.07 1.16 0.90 0.93 0.84 0.78 0.85
Er                        3.62 3.06 3.31 2.56 2.65 2.44 2.20 2.43
Yb	 	 	 	 	 	 	 	 	 	 	 	 3.60 3.07 3.30 2.55 2.59 2.45 2.20 2.36
Lu                        0.55 0.48 0.51 0.40 0.40 0.38 0.34 0.37
Hf 2.18 1.80 2.32 1.79 1.88 1.52 1.50 1.75
Ta 0.45 0.38 0.76 0.58 0.57 0.41 0.46 0.51
W 0.17 0.11 0.11 0.09 0.10 0.11
Tl 0.008 0.008 0.008 0.008 0.006 0.007
Pb 0.40 0.55 0.49 0.51 0.39 0.41
Th 0.51 0.42 0.85 0.61 0.61 0.44 0.52 0.53
U 0.27 0.21 0.20 0.14 0.16 0.19
Table	B2	(Continued)218
A127	RC	32 A127	RC	34 A127	RC	35 A127	RC	36 A127	RC	37 A127	RC	38 AII	73-10-DR2-1 AII	73-12-DR3-1
PO-3 PO-2 PO-2 PO-2 PO-2 PO-2 PO-3 PO-3
Main N.	Famous N.	Famous N.	Famous N.	Famous N.	Famous Main Main
36.875 36.940 36.950 36.974 37.020 37.033 36.745 36.740
-33.239 -32.988 -32.967 -32.950 -32.927 -32.913 -33.253 -33.279
solution solution solution solution solution solution solution solution
Li 5.2 5.8 6.9 5.9 6.3 6.2 4.9 5.2
Be 0.44 0.44 0.47 0.45 0.46 0.33 0.43 0.39
Sc 38.8 42.1 42.0 41.8 42.1 42.2 42.0 40.4
Ti 1.19 1.24 1.46 1.21 1.37 1.08 1.07 1.06
V 271 285 311 297 306 265 277 262
Cr 463 248 134 138 181 260 178 434
Mn 0.16 0.18 0.19 0.19 0.19 0.17 0.17 0.16
Co 43.7 46.4 45.9 46.0 43.9 44.3 44.5 41.7
Ni 143 81 60 61 55 73 82 107
Cu 72 65 73 73 69 85 83 72
Zn 75.3 87.3 100.0 87.6 91.2 105.2 73.9 71.5
Ga 15.1 16.1 17.5 16.3 17.1 16.0 15.1 15.3
Rb 6.37 4.79 5.26 4.77 4.93 2.70 4.34 3.55
Sr 126 90 90 96 102 90 109 104
Y 26.1 31.3 36.7 30.1 33.8 27.1 24.3 24.7
Zr 76.8 67.5 86.9 68.4 81.0 59.0 61.2 58.3
Nb 13.45 9.29 10.88 9.59 10.25 5.30 9.95 7.68
Mo 0.63 0.40 0.51 0.44 0.48 0.32 0.45 0.39
Sn 0.72 0.62 0.86 0.67 0.78 0.59 0.56 0.54
Cs 0.07 0.05 0.06 0.06 0.06 0.03 0.05 0.04
Ba 77.6 53.5 57.6 56.4 57.8 31.3 53.9 43.2
La 7.62 5.57 6.60 5.77 6.27 3.52 5.78 4.76
Ce                        16.84 12.92 15.39 13.10 14.59 8.92 13.11 11.17
Pr                        2.30 1.81 2.26 1.89 2.15 1.39 1.83 1.61
Nd                        10.68 8.78 11.19 9.20 10.59 7.29 8.53 7.79
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.89 2.82 3.42 2.82 3.22 2.41 2.47 2.38
Eu                        0.97 0.95 1.15 0.99 1.13 0.89 0.88 0.86
Gd                        3.79 4.09 4.96 4.08 4.65 3.62 3.38 3.37
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.65 0.74 0.87 0.72 0.81 0.65 0.60 0.60
Dy                        4.29 4.91 5.91 4.86 5.46 4.37 3.97 4.01
Ho                        0.93 1.07 1.29 1.07 1.19 0.96 0.87 0.88
Er                        2.62 3.03 3.68 3.05 3.39 2.72 2.49 2.50
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.60 3.06 3.63 3.01 3.36 2.67 2.46 2.44
Lu                        0.40 0.47 0.56 0.47 0.52 0.41 0.38 0.38
Hf 1.99 1.88 2.42 1.90 2.21 1.67 1.66 1.62
Ta 0.76 0.53 0.62 0.54 0.58 0.31 0.57 0.46
W 0.15 0.13
Tl 0.009 0.007 0.009 0.007 0.008 0.005 0.007 0.008
Pb 0.51 0.40 0.55 0.42 0.48 0.35 0.39 0.33
Th 0.82 0.59 0.72 0.62 0.66 0.34 0.61 0.47





















PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
Main Main Main Main Main Main Main Main Main Main
36.730 36.730 36.700 36.700 36.700 36.717 36.717 36.717 36.717 36.717
-33.310 -33.310 -33.290 -33.290 -33.290 -33.333 -33.333 -33.333 -33.333 -33.342
-2519	to	-2475 -2560 -2560 -2589 2437 -2437 -2443
laser solution solution laser laser laser laser solution laser laser
Li 5.4 5.7 5.7 5.6 6.3 5.2 7.6 4.9 4.9 5.3
Be 0.51 0.49 0.29
Sc 42.9 41.3 40.9 42.5 42.5 43.7 44.3 39.3 41.9 41.1
Ti 1.17 1.29 1.31 1.28 1.46 1.12 1.72 0.90 0.97 1.21
V 286 295 297 288 309 276 368 249 273 279
Cr 240 238 262 256 208 176 128 406 431 305
Mn 0.17 0.18 0.18 0.17 0.18 0.17 0.20 0.15 0.16 0.16
Co 44.1 44.8 45.2 43.5 43.5 42.3 45.3 41.3 42.4 42.6
Ni 86 91 92 88 73 76 60 105 95 90
Cu 72 71 72 65 58 70 67 72 80 80
Zn 73.3 83.0 84.9 75.0 80.8 69.4 107.2 67.6 68.0 74.3
Ga 13.8 16.1 16.2 14.3 15.0 13.5 17.0 14.9 13.5 14.1
Rb 3.94 4.48 4.35 4.54 5.34 3.89 5.94 2.80 3.21 6.00
Sr 103 110 108 104 104 103 103 100 91 115
Y 26.9 29.2 29.1 29.9 31.9 27.9 40.5 22.0 22.8 26.0
Zr 66.2 73.9 76.5 79.0 87.5 67.8 103.1 48.6 50.9 75.5
Nb 8.50 9.85 10.13 10.34 12.12 8.38 12.69 6.11 6.56 12.62
Mo 0.48 0.50 0.34
Sn 0.71 0.70 0.46
Cs 0.05 0.05 0.03
Ba 45.5 52.8 51.5 52.9 61.1 45.7 61.4 35.2 38.1 68.7
La 5.21 5.98 6.13 6.36 7.15 5.19 7.75 3.83 4.12 7.24
Ce                        12.35 13.94 14.40 14.77 17.18 12.11 19.52 9.12 9.91 16.74
Pr                        1.82 2.02 2.08 2.20 2.51 1.79 2.79 1.33 1.44 2.31
Nd                        8.73 9.74 10.03 10.37 11.70 8.78 13.32 6.54 7.05 10.49
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.61 2.88 2.93 3.10 3.33 2.69 4.06 2.04 2.16 2.80
Eu                        0.96 1.03 1.03 1.07 1.14 0.97 1.37 0.77 0.82 0.98
Gd                        3.71 4.08 4.08 4.17 4.53 3.79 5.56 2.95 3.03 3.78
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.65 0.71 0.71 0.74 0.79 0.66 0.99 0.53 0.55 0.65
Dy                        4.38 4.74 4.73 4.91 5.21 4.54 6.70 3.59 3.71 4.29
Ho                        0.94 1.03 1.03 1.06 1.12 0.98 1.43 0.79 0.81 0.90
Er                        2.69 2.94 2.94 2.99 3.16 2.81 4.07 2.25 2.31 2.56
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.68 2.90 2.90 3.01 3.24 2.75 4.06 2.22 2.26 2.61
Lu                        0.42 0.45 0.45 0.46 0.48 0.43 0.63 0.35 0.35 0.39
Hf 1.78 2.01 2.07 2.09 2.27 1.84 2.83 1.36 1.36 2.01
Ta 0.48 0.57 0.59 0.58 0.67 0.48 0.70 0.36 0.37 0.71
W
Tl 0.008 0.007 0.008
Pb 0.38 0.44 0.50 0.29 0.29 0.41
Th 0.53 0.60 0.60 0.62 0.69 0.54 0.81 0.38 0.40 0.77
























PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
Main Main Main Main Main Main Main Main HiAl-LoSi HiAl-LoSi HiAl-LoSi
36.717 36.819 36.820 36.820 36.821 36.821 36.821 36.821 36.818 36.818 36.817
-33.342 -33.255 -33.257 -33.257 -33.261 -33.261 -33.261 -33.261 -33.263 -33.263 -33.263
-2443 -2685 -2640 -2709
laser solution solution laser solution solution solution laser solution solution laser
Li 4.9 4.5 3.8 4.0 5.3 5.4 5.3 5.3 4.1 4.1 4.2
Be 0.35 0.29 0.46 0.42 0.48 0.20 0.26
Sc 43.7 35.7 32.2 33.9 37.6 38.3 37.5 40.8 42.6 42.1 40.2
Ti 0.99 0.94 0.77 0.87 1.19 1.22 1.14 1.29 0.72 0.70 0.76
V 280 216 184 201 258 264 257 261 208 207 216
Cr 336 469 521 699 314 308 309 308 486 543 441
Mn 0.17 0.16 0.15 0.15 0.17 0.17 0.17 0.17 0.17 0.16 0.16
Co 42.8 48.4 49.2 48.3 44.3 44.0 43.0 42.6 49.3 49.8 46.5
Ni 79 205 246 215 114 104 99 88 210 200 161
Cu 88 82 85 119 75 73 67 63 113 98 92
Zn 71.6 73.4 68.2 70.8 84.6 85.6 83.9 75.8 61.7 60.9 58.9
Ga 13.9 15.1 14.8 14.2 16.3 16.4 16.2 14.9 13.8 13.6 12.6
Rb 3.52 2.70 1.74 1.91 4.15 4.23 4.08 4.34 1.99 1.96 2.25
Sr 106 100 100 99 116 116 115 114 66 65 67
Y 23.5 22.2 18.7 18.8 26.1 26.6 25.7 27.4 22.2 21.9 20.9
Zr 56.0 54.0 42.7 43.0 69.8 70.9 69.0 72.8 39.4 38.7 38.8
Nb 7.01 6.05 3.96 4.28 9.11 9.28 8.98 9.30 4.46 4.41 4.84
Mo 0.31 0.29 0.46 0.45 0.43 0.23 0.24
Sn 0.53 0.66 0.68 0.66 0.35 0.36
Cs 0.03 0.02 0.04 0.05 0.04 0.02 0.02
Ba 43.3 32.4 20.9 22.8 50.2 50.9 49.9 51.1 23.2 24.7 25.9
La 4.50 3.75 2.58 2.81 5.43 5.49 5.32 5.61 2.70 2.69 2.97
Ce                        10.76 9.07 6.53 7.11 12.85 12.89 12.57 13.14 6.75 6.63 7.40
Pr                        1.57 1.39 1.01 1.09 1.87 1.89 1.84 1.94 1.00 1.01 1.08
Nd                        7.57 6.93 5.27 5.39 9.08 9.17 9.00 9.38 5.08 5.11 5.22
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.23 2.15 1.73 1.80 2.70 2.73 2.64 2.80 1.62 1.64 1.63
Eu                        0.85 0.82 0.69 0.75 0.97 0.98 0.97 1.01 0.64 0.65 0.67
Gd                        3.11 3.11 2.54 2.63 3.76 3.81 3.69 3.91 2.55 2.60 2.58
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.58 0.55 0.46 0.47 0.65 0.66 0.65 0.67 0.48 0.48 0.46
Dy                        3.85 3.69 3.07 3.17 4.32 4.34 4.26 4.53 3.38 3.42 3.26
Ho                        0.82 0.79 0.66 0.67 0.92 0.94 0.91 0.96 0.77 0.77 0.74
Er                        2.33 2.28 1.87 1.93 2.60 2.64 2.58 2.69 2.32 2.34 2.18
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.37 2.21 1.85 1.92 2.53 2.55 2.51 2.64 2.43 2.41 2.34
Lu                        0.38 0.34 0.29 0.29 0.39 0.40 0.39 0.41 0.39 0.38 0.36
Hf 1.45 1.47 1.17 1.20 1.89 1.90 1.85 1.93 1.07 1.07 1.06
Ta 0.40 0.36 0.23 0.25 0.54 0.53 0.52 0.53 0.26 0.26 0.27
W 0.11 0.09 0.04
Tl 0.006 0.008 0.009 0.009 0.003 0.003
Pb 0.32 0.26 0.30 0.38 0.39 0.38 0.41 0.18 0.19 0.27
Th 0.44 0.38 0.26 0.27 0.55 0.56 0.54 0.59 0.28 0.28 0.28
























PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
HiAl-LoSi HiAl-LoSi HiAl-LoSi HiAl-LoSi HiAl-LoSi HiAl-LoSi HiAl-LoSi HiAl-LoSi Main HiAl-LoSi HiAl-LoSi
36.817 36.817 36.815 36.815 36.813 36.820 36.820 36.820 36.820 36.813 36.807
-33.263 -33.263 -33.265 -33.265 -33.265 -33.260 -33.260 -33.270 -33.273 -33.270 -33.270
-2690 -2700 -2689
solution solution solution laser laser solution laser solution solution solution solution
Li 4.2 4.2 4.2 3.9 3.9 4.0 4.0 4.3 5.4 4.1 4.4
Be 0.22 0.26 0.20 0.21 0.22 0.41 0.16 0.25
Sc 42.5 42.3 43.0 43.3 43.2 41.8 42.9 43.7 40.7 43.1 40.3
Ti 0.78 0.73 0.72 0.74 0.75 0.72 0.74 0.75 1.09 0.75 0.80
V 216 212 210 207 213 203 206 217 283 214 217
Cr 538 482 526 414 428 546 408 458 178 447 516
Mn 0.17 0.17 0.16 0.16 0.16 0.17 0.16 0.17 0.17 0.17 0.16
Co 49.0 49.5 48.7 46.6 46.8 55.0 45.7 49.3 44.2 49.0 52.2
Ni 183 193 178 169 161 286 166 174 82 175 241
Cu 97 97 98 95 97 96 92 100 73 98 89
Zn 62.1 62.4 61.6 54.0 55.9 62.6 54.7 63.3 77.9 62.5 64.4
Ga 13.9 13.8 14.0 11.8 12.3 13.5 11.8 14.1 15.6 14.0 13.8
Rb 2.12 2.13 2.01 2.06 2.11 2.04 2.11 2.18 4.62 2.12 2.36
Sr 70 67 71 65 66 70 66 68 112 68 75
Y 22.4 22.6 22.3 22.5 22.2 21.5 22.9 23.1 24.7 22.8 22.1
Zr 41.0 41.2 39.9 40.2 39.8 39.0 41.2 41.8 60.4 41.0 46.5
Nb 4.70 4.75 4.49 4.51 4.56 4.43 4.61 4.83 9.98 4.66 5.50
Mo 0.25 0.22 0.25 0.22 0.25 0.46 0.22 0.29
Sn 0.36 0.37 0.34 0.35 0.36 0.56 0.33 0.42
Cs 0.02 0.02 0.02 0.02 0.02 0.05 0.02 0.02
Ba 24.9 25.5 24.3 23.9 24.2 23.6 24.8 25.9 56.5 25.1 26.6
La 2.86 2.89 2.81 2.82 2.86 2.71 2.95 2.91 5.83 2.84 3.30
Ce                        7.02 7.13 6.90 6.66 6.85 6.59 6.92 7.19 13.07 6.99 8.14
Pr                        1.05 1.08 1.02 1.01 1.03 0.99 1.06 1.09 1.82 1.04 1.18
Nd                        5.28 5.41 5.17 5.08 5.18 4.92 5.32 5.50 8.55 5.24 5.88
Sm	 	 	 	 	 	 	 	 	 	 	 	 1.68 1.72 1.66 1.65 1.66 1.58 1.72 1.74 2.44 1.70 1.83
Eu                        0.66 0.67 0.65 0.65 0.67 0.62 0.67 0.68 0.88 0.66 0.69
Gd                        2.63 2.68 2.58 2.63 2.58 2.50 2.74 2.71 3.39 2.67 2.77
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.49 0.49 0.48 0.48 0.48 0.47 0.51 0.50 0.60 0.49 0.50
Dy                        3.47 3.50 3.44 3.44 3.47 3.31 3.61 3.56 4.00 3.50 3.48
Ho                        0.79 0.80 0.79 0.78 0.78 0.76 0.81 0.81 0.88 0.80 0.78
Er                        2.35 2.39 2.33 2.33 2.29 2.25 2.43 2.45 2.52 2.38 2.31
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.47 2.48 2.43 2.47 2.40 2.36 2.59 2.54 2.51 2.50 2.36
Lu                        0.39 0.39 0.39 0.39 0.38 0.38 0.41 0.40 0.40 0.40 0.37
Hf 1.14 1.12 1.11 1.09 1.07 1.08 1.17 1.14 1.65 1.13 1.25
Ta 0.28 0.28 0.27 0.26 0.26 0.26 0.29 0.29 0.58 0.27 0.32
W 0.05 0.06 0.06
Tl 0.006 0.004 0.004 0.004 0.003 0.011 0.002 0.004
Pb 0.21 0.19 0.27 0.23 0.24 0.19 0.25 0.19 0.40 0.21 0.23
Th 0.29 0.29 0.28 0.28 0.28 0.28 0.29 0.30 0.61 0.29 0.34
























PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
Main HiTi HiTi HiTi HiTi Main Main HiAl-LoSi HiAl-LoSi HiAl-LoSi Main
36.827 36.827 36.824 36.824 36.825 36.821 36.813 36.810 36.810 36.819 36.819
-33.253 -33.252 -33.244 -33.244 -33.241 -33.279 -33.273 -33.268 -33.267 -33.254 -33.254
-2726 -2743 -2540 -2532 -2715 -2750 -2625 -2694
laser solution laser solution laser solution laser laser laser laser solution
Li 4.6 6.1 5.8 6.3 5.9 6.2 5.7 4.2 4.0 3.8 5.1
Be 0.66 0.50 0.57 0.38
Sc 38.4 38.7 41.0 38.7 40.5 40.6 44.0 43.1 42.1 43.1 34.5
Ti 1.18 1.32 1.44 1.31 1.42 1.45 1.20 0.88 0.84 0.79 0.96
V 248 288 284 284 283 308 308 229 215 221 223
Cr 461 300 280 281 275 173 194 493 491 377 442
Mn 0.16 0.17 0.17 0.18 0.17 0.18 0.18 0.16 0.16 0.15 0.16
Co 41.9 44.4 44.2 45.2 43.5 43.1 42.5 45.6 46.4 40.1 48.0
Ni 131 120 112 115 111 68 64 148 173 133 200
Cu 62 69 58 72 56 65 68 90 86 83 83
Zn 73.4 86.5 83.1 87.6 83.7 89.1 84.5 65.2 58.9 53.8 75.2
Ga 13.6 16.7 14.5 16.7 14.4 16.7 14.3 13.1 12.4 11.5 15.5
Rb 5.62 8.25 5.99 5.79 5.89 5.66 5.31 2.79 2.58 2.91 3.16
Sr 128 141 116 118 115 118 105 85 81 89 104
Y 25.5 28.6 32.4 30.9 32.1 31.5 27.8 23.4 22.3 23.4 23.6
Zr 72.3 92.6 89.5 87.5 88.1 87.8 68.9 51.7 48.7 50.1 59.6
Nb 11.41 16.92 12.38 12.35 12.36 13.04 11.11 6.59 6.15 6.38 7.08
Mo 0.63 0.60
Sn 0.82
Cs 0.09 0.06 0.06 0.03
Ba 67.5 97.2 68.4 66.3 68.0 67.8 62.9 33.1 30.7 36.5 36.9
La 6.71 9.70 7.51 7.26 7.41 7.56 6.61 4.05 3.70 4.09 4.39
Ce                        14.81 20.83 16.76 16.24 16.65 17.32 14.76 9.46 8.70 9.12 10.48
Pr                        2.12 2.82 2.45 2.32 2.41 2.45 2.08 1.40 1.29 1.36 1.55
Nd                        9.74 12.70 11.49 11.17 11.36 11.58 9.59 6.81 6.26 6.59 7.57
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.71 3.33 3.42 3.22 3.26 3.30 2.74 2.04 1.92 2.01 2.30
Eu                        0.97 1.15 1.15 1.11 1.13 1.12 0.99 0.78 0.74 0.75 0.85
Gd                        3.73 4.28 4.61 4.43 4.55 4.50 3.82 3.00 2.83 2.99 3.26
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.64 0.73 0.79 0.76 0.78 0.78 0.67 0.54 0.51 0.53 0.58
Dy                        4.21 4.75 5.27 5.04 5.21 5.12 4.48 3.74 3.52 3.82 3.90
Ho                        0.90 1.01 1.13 1.09 1.12 1.11 0.97 0.82 0.79 0.86 0.84
Er                        2.56 2.85 3.26 3.07 3.24 3.17 2.84 2.42 2.28 2.55 2.38
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.47 2.81 3.19 3.02 3.15 3.14 2.80 2.51 2.38 2.64 2.33
Lu                        0.39 0.44 0.50 0.47 0.49 0.49 0.44 0.39 0.37 0.43 0.37
Hf 1.90 2.35 2.43 2.32 2.40 2.35 1.88 1.38 1.27 1.43 1.60
Ta 0.65 0.96 0.72 0.70 0.71 0.75 0.64 0.39 0.36 0.40 0.42
W 0.17
Tl
Pb 0.44 0.48 0.49 0.53 0.46
Th 0.73 1.06 0.79 0.78 0.81 0.79 0.71 0.41 0.37 0.45 0.46
























PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
HiAl-LoSi HiTi HiTi Main HiAl-LoSi HiTi HiTi HiTi HiTi HiAl-LoSi HiAl-LoSi
36.818 36.818 36.818 36.818 36.810 36.810 36.809 36.810 36.810 36.813 36.813
-33.252 -33.251 -33.248 -33.244 -33.262 -33.252 -33.251 -33.247 -33.247 -33.267 -33.267
-2663 -2585 -2550 -2604 -2584 -2512 -2565 -2680
laser laser laser laser solution laser laser laser solution laser solution
Li 4.9 5.9 6.1 4.9 3.8 6.3 6.1 5.8 6.2 4.2 6.5
Be 0.16 0.49 0.24
Sc 40.1 42.0 41.5 43.7 44.1 41.0 40.5 41.6 38.4 44.5 42.5
Ti 1.03 1.43 1.50 0.98 0.65 1.46 1.45 1.46 1.30 0.81 0.76
V 253 281 292 276 198 291 287 287 284 219 213
Cr 377 302 280 296 479 290 284 257 267 425 510
Mn 0.17 0.17 0.18 0.17 0.16 0.18 0.18 0.17 0.17 0.17 0.17
Co 44.3 44.4 45.4 43.4 49.9 45.5 44.4 43.4 44.6 47.7 49.1
Ni 119 116 113 78 196 114 110 99 111 167 191
Cu 69 60 60 80 98 59 61 64 71 107 96
Zn 72.8 82.2 87.7 73.6 57.9 79.9 87.9 80.5 87.7 62.9 62.9
Ga 14.0 14.2 14.9 12.9 13.7 14.6 14.8 14.1 16.9 12.5 14.1
Rb 4.00 5.65 6.30 3.45 1.51 6.15 6.02 6.22 5.81 2.46 2.30
Sr 96 113 112 98 68 111 111 118 114 69 74
Y 24.1 34.1 32.7 22.2 20.8 31.9 31.2 32.2 31.5 24.0 22.8
Zr 56.1 91.0 91.2 53.9 32.5 88.1 86.0 92.6 87.2 44.9 43.1
Nb 8.87 11.70 12.83 6.72 3.19 12.16 12.15 13.01 12.27 5.23 5.05
Mo 0.17 0.61 0.34
Sn 0.29
Cs 0.06 0.06 0.03 0.02 0.07 0.06 0.07 0.06 0.02 0.02
Ba 49.0 63.1 69.1 42.2 18.2 66.8 66.5 70.4 66.7 27.8 26.6
La 5.20 7.25 7.58 4.40 2.05 7.16 7.13 7.83 7.18 3.27 3.08
Ce                        12.32 15.80 16.98 10.57 5.22 16.52 16.39 17.14 16.30 7.71 7.50
Pr                        1.74 2.34 2.47 1.56 0.81 2.35 2.36 2.49 2.33 1.15 1.11
Nd                        7.96 11.26 11.50 7.62 4.10 11.32 11.20 11.77 11.22 5.82 5.48
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.30 3.42 3.51 2.33 1.41 3.30 3.21 3.45 3.28 1.82 1.74
Eu                        0.86 1.16 1.16 0.86 0.58 1.11 1.14 1.14 1.11 0.70 0.66
Gd                        3.23 4.83 4.61 3.08 2.30 4.43 4.39 4.64 4.47 2.91 2.69
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.58 0.84 0.81 0.55 0.44 0.78 0.78 0.80 0.78 0.52 0.50
Dy                        3.98 5.72 5.48 3.52 3.18 5.23 5.14 5.31 5.16 3.72 3.52
Ho                        0.87 1.24 1.16 0.78 0.74 1.14 1.10 1.13 1.11 0.85 0.80
Er                        2.51 3.43 3.33 2.19 2.19 3.22 3.12 3.24 3.15 2.47 2.36
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.61 3.43 3.28 2.20 2.34 3.18 3.06 3.16 3.09 2.60 2.47
Lu                        0.41 0.52 0.50 0.34 0.38 0.46 0.47 0.48 0.48 0.42 0.40
Hf 1.55 2.58 2.45 1.47 0.92 2.35 2.31 2.47 2.33 1.25 1.18
Ta 0.51 0.70 0.74 0.38 0.19 0.70 0.68 0.76 0.70 0.31 0.31
W 0.13 0.14 0.08 0.14 0.13 0.16 0.16 0.06 0.07
Tl 0.002
Pb 0.46 0.48 0.34 0.15 0.47 0.48 0.48 0.25
Th 0.55 0.78 0.81 0.42 0.20 0.76 0.74 0.82 0.77 0.32 0.31
























PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
HiAl-LoSi HiAl-LoSi HiAl-LoSi HiAl-LoSi HiAl-LoSi HiBa,	Main HiBa,	Main Main Main HiAl-LoSi HiAl-LoSi
36.812 36.808 36.808 36.804 36.804 36.818 36.818 36.818 36.806 36.805 36.797
-33.265 -33.264 -33.264 -33.265 -33.265 -33.265 -33.265 -33.261 -33.273 -33.268 -33.265
-2625 -2526 -2705 -2663
laser solution solution laser solution laser solution solution laser solution solution
Li 3.8 4.2 4.2 3.5 3.7 3.6 3.9 5.0 5.4 3.9 4.3
Be 0.25 0.24 0.21 0.32 0.39 0.23 0.30
Sc 42.9 40.5 41.0 43.9 38.5 37.2 33.7 36.9 43.5 39.6 40.6
Ti 0.82 0.78 0.77 0.74 0.66 0.92 0.84 1.09 1.24 0.70 0.80
V 213 217 217 199 195 206 202 242 298 204 218
Cr 867 521 516 422 557 454 618 434 297 585 501
Mn 0.16 0.16 0.16 0.15 0.16 0.14 0.15 0.17 0.17 0.16 0.16
Co 47.4 49.7 50.3 43.7 49.9 40.8 47.7 48.5 42.2 50.7 50.1
Ni 184 208 216 156 231 147 247 189 81 239 211
Cu 103 91 92 102 96 83 78 76 76 96 91
Zn 58.7 62.4 63.2 51.7 57.3 61.3 66.6 85.6 78.9 59.8 63.8
Ga 12.2 13.9 13.8 11.2 13.7 12.2 13.8 15.7 13.7 14.0 13.9
Rb 2.41 2.15 2.16 1.53 1.62 4.19 3.95 3.67 4.13 1.97 2.39
Sr 81 74 74 70 71 124 119 102 101 81 77
Y 21.8 21.9 22.0 22.3 19.3 20.1 18.9 25.5 27.6 20.3 22.0
Zr 45.9 44.7 44.8 41.1 36.8 53.5 50.4 66.0 72.2 42.1 47.1
Nb 5.67 5.11 5.08 3.90 3.68 8.29 7.94 8.15 9.36 4.88 5.69
Mo 0.27 0.26 0.23 0.38 0.43 0.31 0.28
Sn 0.39 0.41 0.46 0.64 0.42
Cs 0.02 0.02 0.02 0.01 0.05 0.04 0.04 0.04 0.02 0.02
Ba 28.5 25.1 25.1 18.4 18.2 52.6 49.3 42.1 48.2 24.4 27.7
La 3.44 3.09 3.08 2.55 2.34 4.92 4.57 4.92 5.79 2.97 3.39
Ce                        8.07 7.60 7.65 5.87 5.94 10.74 10.46 11.73 13.48 7.20 8.39
Pr                        1.22 1.15 1.14 0.94 0.90 1.54 1.43 1.70 2.00 1.07 1.20
Nd                        5.91 5.75 5.70 4.94 4.64 7.26 6.79 8.37 9.57 5.37 5.97
Sm	 	 	 	 	 	 	 	 	 	 	 	 1.87 1.81 1.79 1.67 1.50 2.11 1.95 2.53 2.79 1.66 1.82
Eu                        0.72 0.69 0.69 0.66 0.58 0.81 0.74 0.91 1.01 0.65 0.69
Gd                        2.66 2.76 2.71 2.59 2.32 2.97 2.72 3.56 3.88 2.50 2.73
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.49 0.50 0.50 0.49 0.43 0.51 0.47 0.63 0.68 0.46 0.50
Dy                        3.43 3.50 3.44 3.45 3.02 3.36 3.12 4.17 4.55 3.19 3.42
Ho                        0.75 0.78 0.77 0.77 0.68 0.72 0.67 0.90 0.98 0.71 0.77
Er                        2.30 2.33 2.27 2.31 2.00 2.00 1.88 2.60 2.86 2.09 2.26
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.30 2.36 2.33 2.36 2.05 1.95 1.83 2.53 2.72 2.16 2.32
Lu                        0.37 0.37 0.37 0.37 0.33 0.29 0.28 0.40 0.42 0.34 0.37
Hf 1.24 1.23 1.21 1.16 1.00 1.42 1.34 1.76 1.93 1.12 1.26
Ta 0.33 0.30 0.30 0.24 0.22 0.50 0.46 0.48 0.55 0.29 0.34
W 0.05 0.05 0.06 0.03 0.06 0.09 0.09 0.10 0.11 0.08 0.07
Tl 0.007 0.005 0.005 0.006 0.006
Pb 0.25 0.20 0.20 0.19 0.34 0.30 0.35 0.40 0.22
Th 0.33 0.31 0.31 0.25 0.25 0.54 0.51 0.50 0.55 0.30 0.35


















PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
HiAl-LoSi HiBa,	Main Main Main Main Main Main Main Main Main Main
36.797 36.782 36.753 36.752 36.755 36.755 36.755 36.755 36.756 36.755 36.753
-33.265 -33.303 -33.293 -33.287 -33.291 -33.288 -33.282 -33.282 -33.280 -33.276 -33.300
solution laser laser laser laser laser solution laser laser laser solution
Li 4.3 4.5 5.7 5.1 5.0 4.7 5.4 4.5 4.5 4.6 5.3
Be 0.27 0.49 0.47
Sc 40.8 42.0 44.1 45.6 43.4 44.1 39.9 40.6 43.8 43.0 40.1
Ti 0.80 1.04 1.22 1.17 1.16 1.00 1.24 1.06 0.95 1.02 1.13
V 221 262 292 283 273 264 281 250 262 271 276
Cr 513 146 366 339 356 413 369 255 404 406 429
Mn 0.16 0.16 0.17 0.16 0.16 0.16 0.17 0.16 0.16 0.16 0.17
Co 49.7 44.3 42.3 40.2 40.2 40.2 45.7 42.7 42.0 40.9 43.9
Ni 203 80 91 81 94 96 127 79 101 97 112
Cu 99 99 69 69 65 72 70 86 84 74 73
Zn 64.5 70.6 76.5 72.1 71.1 67.0 80.0 70.5 67.8 70.8 77.1
Ga 14.1 13.3 14.1 13.6 13.5 13.0 15.5 13.2 12.8 13.5 15.3
Rb 2.43 6.05 4.17 4.08 3.89 3.24 6.30 4.36 4.68 3.31 4.40
Sr 77 127 99 96 98 94 116 117 98 94 107
Y 22.3 21.3 29.5 30.4 28.4 25.2 25.9 23.0 22.8 24.1 25.5
Zr 47.5 59.8 71.4 73.1 68.4 57.2 73.8 60.6 56.0 54.7 67.4
Nb 5.78 11.77 8.98 8.83 8.52 6.95 13.62 9.28 9.63 7.02 9.92
Mo 0.29 0.60 0.48
Sn 0.67 0.63
Cs 0.03 0.07 0.05
Ba 28.2 75.6 48.8 49.3 46.4 39.2 75.2 53.1 56.6 39.9 52.7
La 3.43 6.74 5.62 5.84 5.42 4.52 7.65 5.50 5.68 4.47 5.86
Ce                        8.42 15.07 12.85 12.91 12.18 10.35 16.78 12.66 12.31 10.51 13.37
Pr                        1.22 2.03 1.88 1.92 1.81 1.53 2.27 1.81 1.73 1.53 1.90
Nd                        6.09 8.97 9.08 9.44 8.75 7.51 10.36 8.40 8.02 7.36 9.13
Sm	 	 	 	 	 	 	 	 	 	 	 	 1.88 2.42 2.77 2.93 2.68 2.33 2.80 2.49 2.28 2.28 2.63
Eu                        0.71 0.88 0.97 1.00 0.95 0.86 0.96 0.90 0.83 0.85 0.92
Gd                        2.79 3.11 4.03 4.28 3.87 3.46 3.71 3.35 3.12 3.28 3.59
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.51 0.54 0.70 0.76 0.68 0.61 0.65 0.58 0.55 0.57 0.63
Dy                        3.50 3.50 4.72 5.13 4.54 4.08 4.24 3.79 3.68 4.01 4.17
Ho                        0.78 0.75 1.04 1.13 0.99 0.90 0.92 0.82 0.81 0.86 0.91
Er                        2.31 2.12 2.93 3.19 2.81 2.52 2.59 2.26 2.31 2.47 2.57
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.37 2.09 2.89 3.14 2.80 2.53 2.56 2.21 2.31 2.47 2.53
Lu                        0.37 0.33 0.45 0.51 0.43 0.40 0.40 0.35 0.37 0.38 0.40
Hf 1.28 1.53 1.91 2.11 1.83 1.60 1.96 1.66 1.51 1.52 1.81
Ta 0.34 0.63 0.52 0.56 0.50 0.41 0.78 0.52 0.56 0.41 0.58
W
Tl 0.009 0.008
Pb 0.45 0.42 0.46 0.41 0.37 0.43 0.40 0.39 0.40 0.37
Th 0.35 0.75 0.58 0.64 0.56 0.46 0.81 0.58 0.64 0.45 0.58






















PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
Main Main Main HiBa,	Main HiBa,	Main HiBa,	Main Main Main Main Main HiBa,	HiAl-LoSi
36.724 36.728 36.836 36.828 36.828 36.830 36.850 36.850 36.858 36.950 36.950
-33.307 -33.301 -33.248 -33.267 -33.262 -33.270 -33.250 -33.250 -33.258 -33.161 -33.167
solution laser solution solution solution solution solution solution solution solution solution
Li 5.3 5.8 6.9 4.2 4.1 3.9 5.0 5.0 5.2 4.1 3.5
Be 0.42 0.64 0.36 0.35 0.34 0.44 0.42 0.36 0.44 0.11
Sc 39.2 42.9 41.1 33.9 33.6 34.5 35.1 36.7 41.5 41.8 43.0
Ti 1.06 1.39 1.61 0.83 0.83 0.86 1.08 1.08 0.99 1.08 0.51
V 267 307 338 205 205 203 241 247 268 275 184
Cr 352 325 120 690 635 605 487 396 420 153 418
Mn 0.16 0.18 0.19 0.15 0.15 0.14 0.16 0.16 0.17 0.17 0.16
Co 41.2 43.3 45.2 46.6 46.2 46.0 45.3 43.3 45.2 44.7 50.8
Ni 101 89 65 233 227 217 182 123 133 62 169
Cu 70 75 59 75 73 75 70 69 75 76 104
Zn 72.6 85.7 101.0 66.4 67.6 66.8 77.1 79.1 73.4 74.4 52.5
Ga 15.4 15.3 17.7 13.8 13.9 14.2 15.0 15.5 14.8 15.6 13.4
Rb 3.78 4.69 6.86 4.08 3.70 3.90 4.82 4.01 2.97 4.03 1.34
Sr 106 101 114 123 112 120 113 116 90 123 72
Y 25.3 31.8 34.7 18.5 19.0 18.8 24.8 24.3 25.5 24.1 16.7
Zr 62.8 81.1 98.2 49.7 49.2 48.8 69.6 65.1 57.4 61.3 22.9
Nb 8.36 10.23 15.39 8.32 7.69 7.51 10.58 8.93 6.55 9.80 2.54
Mo 0.42 0.71 0.41 0.37 0.36 0.52 0.41 0.34 0.50 0.14
Sn 0.59 0.89 0.46 0.46 0.63 0.60 0.54 0.61 0.21
Cs 0.04 0.08 0.04 0.04 0.04 0.05 0.04 0.03 0.01
Ba 44.8 51.7 77.6 53.6 47.5 48.2 56.4 48.9 34.6 56.8 16.4
La 5.05 6.12 8.95 4.65 4.30 4.42 5.96 5.20 4.01 5.81 1.57
Ce                        11.74 14.54 20.03 10.42 9.82 9.96 13.55 12.13 9.73 13.26 3.90
Pr                        1.70 2.14 2.79 1.48 1.41 1.41 1.94 1.79 1.48 1.84 0.59
Nd                        8.27 10.43 13.00 6.97 6.73 6.69 9.17 8.54 7.36 8.61 3.01
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.46 3.16 3.62 1.99 1.96 1.96 2.61 2.51 2.33 2.48 1.08
Eu                        0.87 1.12 1.20 0.77 0.77 0.75 0.93 0.93 0.85 0.89 0.48
Gd                        3.44 4.44 4.91 2.74 2.76 2.70 3.60 3.52 3.43 3.39 1.85
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.61 0.77 0.85 0.48 0.49 0.48 0.63 0.61 0.61 0.59 0.35
Dy                        4.09 5.17 5.65 3.12 3.19 3.13 4.12 4.06 4.14 3.94 2.58
Ho                        0.90 1.12 1.22 0.67 0.69 0.67 0.89 0.87 0.91 0.85 0.59
Er                        2.57 3.14 3.50 1.89 1.93 1.88 2.52 2.47 2.63 2.42 1.77
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.54 3.12 3.49 1.82 1.87 1.81 2.46 2.40 2.59 2.40 1.88
Lu                        0.40 0.49 0.54 0.27 0.28 0.29 0.38 0.37 0.40 0.38 0.30
Hf 1.73 2.20 2.55 1.34 1.35 1.34 1.86 1.75 1.60 1.65 0.66
Ta 0.49 0.58 0.89 0.48 0.43 0.44 0.61 0.52 0.38 0.60 0.15
W 0.04
Tl 0.012 0.012 0.007 0.008 0.008 0.008 0.006 0.004
Pb 0.35 0.46 0.52 0.37 0.33 0.40 0.37 0.33 0.39 0.12
Th 0.51 0.64 0.95 0.52 0.47 0.48 0.64 0.54 0.41 0.61 0.17



















PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
HiBa,	HiAl-LoSi HiBa,	HiAl-LoSi Main Main HiTi HiTi Main HiBa,	Main HiBa,	Main HiTi
36.930 36.950 36.900 36.900 36.830 36.830 36.850 36.830 36.833 36.825
-33.167 -33.167 -33.200 -33.200 -33.250 -33.250 -33.250 -33.270 -33.267 -33.258
solution solution solution solution solution solution solution solution solution solution
Li 3.0 3.3 5.2 5.1 5.9 5.9 5.2 3.9 4.2 6.1
Be 0.11 0.16 0.46 0.47 0.56 0.60 0.44 0.37 0.33 0.55
Sc 40.0 42.8 38.5 39.8 38.8 39.0 41.5 33.6 34.2 38.9
Ti 0.49 0.51 1.06 1.08 1.43 1.40 1.14 0.84 0.86 1.38
V 173 184 258 264 285 289 294 203 210 287
Cr 476 522 458 241 279 278 181 617 595 280
Mn 0.15 0.15 0.16 0.16 0.18 0.18 0.18 0.15 0.15 0.18
Co 48.4 49.9 43.2 42.4 45.3 45.5 45.2 46.5 45.0 45.3
Ni 166 163 147 84 114 112 80 238 202 113
Cu 88 105 72 80 68 67 63 76 74 67
Zn 49.8 51.5 70.8 74.2 87.6 88.9 83.6 66.4 67.6 88.7
Ga 13.2 13.5 14.9 14.7 16.6 16.7 16.2 13.9 14.1 16.7
Rb 1.17 1.31 5.42 5.38 5.97 5.95 4.27 3.85 3.84 5.87
Sr 72 72 122 126 118 118 110 116 114 116
Y 15.7 16.8 24.7 24.6 30.9 31.1 25.4 18.8 19.6 31.0
Zr 21.3 22.7 67.8 71.1 87.6 88.4 62.4 49.5 51.6 87.5
Nb 2.36 2.52 11.81 11.75 12.59 12.57 9.76 7.76 7.87 12.52
Mo 0.12 0.14 0.47 0.50 0.60 0.60 0.37 0.42 0.71
Sn 0.20 0.61 0.65 0.86 0.83 0.60 0.45 0.48 0.82
Cs 0.01 0.01 0.06 0.06 0.06 0.07 0.04 0.04 0.04 0.07
Ba 15.1 16.3 67.2 65.2 69.3 68.3 53.2 48.8 48.4 67.1
La 1.46 1.57 6.82 6.82 7.39 7.42 5.69 4.40 4.48 7.31
Ce                        3.68 3.89 14.97 14.99 16.76 16.84 12.89 9.97 10.24 16.69
Pr                        0.55 0.59 2.08 2.10 2.39 2.40 1.83 1.43 1.48 2.37
Nd                        2.84 3.06 9.58 9.63 11.30 11.30 8.59 6.77 7.00 11.29
Sm	 	 	 	 	 	 	 	 	 	 	 	 1.02 1.10 2.63 2.67 3.28 3.26 2.49 1.96 2.04 3.26
Eu                        0.46 0.48 0.95 0.95 1.10 1.11 0.89 0.76 0.79 1.10
Gd                        1.73 1.85 3.58 3.60 4.46 4.48 3.46 2.75 2.85 4.43
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.33 0.36 0.62 0.61 0.77 0.77 0.61 0.48 0.49 0.77
Dy                        2.42 2.58 4.09 4.07 5.09 5.10 4.13 3.16 3.29 5.07
Ho                        0.55 0.59 0.88 0.88 1.09 1.10 0.90 0.68 0.70 1.09
Er                        1.67 1.77 2.53 2.50 3.12 3.09 2.58 1.89 1.99 3.09
Yb	 	 	 	 	 	 	 	 	 	 	 	 1.75 1.87 2.48 2.45 3.05 3.03 2.56 1.84 1.92 3.03
Lu                        0.28 0.31 0.38 0.38 0.47 0.47 0.40 0.28 0.29 0.47
Hf 0.62 0.66 1.80 1.83 2.35 2.33 1.70 1.34 1.40 2.32
Ta 0.14 0.15 0.67 0.67 0.72 0.72 0.57 0.46 0.46 0.71
W 0.04 0.16
Tl 0.008 0.010 0.010 0.009 0.012 0.009 0.009 0.009
Pb 0.12 0.45 0.47 0.48 0.36 0.32 0.39 0.48
Th 0.15 0.17 0.77 0.77 0.79 0.79 0.59 0.48 0.49 0.78















PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
HiBa,	HiAl-LoSi HiTi HiBa,	Main Main HiAl-LoSi HiAl-LoSi Main Main HiBa,	HiAl-LoSi Main
36.867 36.792 36.829 36.767 36.838 36.838 36.873 36.900 36.850 36.853
-33.248 -33.233 -33.265 -33.275 -33.244 -33.244 -33.252 -33.100 -33.250 -33.252
solution solution solution solution solution solution solution solution solution solution
Li 4.3 6.0 4.0 4.9 4.7 4.3 5.0 5.4 4.2 5.3
Be 0.22 0.60 0.32 0.44 0.25 0.23 0.40 0.45 0.21 0.49
Sc 43.0 39.0 33.8 35.0 41.7 41.1 39.2 39.0 41.8 37.9
Ti 0.66 1.35 0.84 1.02 0.75 0.75 0.99 1.10 0.65 1.21
V 221 287 203 231 230 226 253 267 214 261
Cr 1153 248 632 525 1045 812 478 437 898 395
Mn 0.16 0.17 0.15 0.15 0.16 0.16 0.16 0.17 0.16 0.17
Co 47.1 44.1 46.7 45.4 47.8 48.5 43.9 46.2 50.2 44.6
Ni 211 98 232 190 205 265 156 141 241 126
Cu 121 67 75 71 99 133 72 72 99 70
Zn 56.9 85.7 67.1 74.4 61.8 61.2 69.9 81.5 56.4 84.2
Ga 13.2 16.3 13.9 14.7 13.5 13.3 14.6 15.5 12.8 16.0
Rb 2.36 5.88 3.95 4.30 2.70 2.71 3.42 4.64 2.29 4.56
Sr 85 118 120 107 86 84 104 108 83 118
Y 20.6 29.7 18.7 23.5 22.2 21.6 24.4 26.8 20.0 26.5
Zr 36.7 84.9 50.0 64.1 43.3 43.5 60.4 66.6 35.8 71.8
Nb 4.86 12.65 8.19 9.34 5.90 5.90 7.58 9.39 4.76 9.92
Mo 0.25 0.57 0.43 0.45 0.29 0.29 0.35 0.44 0.24 0.47
Sn 0.32 0.77 0.46 0.60 0.38 0.38 0.57 0.64 0.31 0.67
Cs 0.02 0.07 0.04 0.05 0.03 0.03 0.04 0.05 0.02 0.05
Ba 31.6 69.5 51.8 50.4 34.5 34.2 41.5 51.5 30.6 53.3
La 2.92 7.37 4.57 5.32 3.47 3.47 4.61 5.78 2.85 5.82
Ce                        7.02 16.67 10.21 12.23 8.28 8.24 10.93 13.08 6.83 13.45
Pr                        1.04 2.37 1.46 1.77 1.21 1.20 1.62 1.86 1.01 1.95
Nd                        5.16 11.11 6.88 8.44 5.96 5.89 7.87 8.86 5.01 9.34
Sm	 	 	 	 	 	 	 	 	 	 	 	 1.58 3.17 1.98 2.45 1.81 1.78 2.39 2.59 1.52 2.74
Eu                        0.64 1.08 0.77 0.88 0.69 0.67 0.87 0.92 0.62 0.97
Gd                        2.40 4.33 2.76 3.37 2.68 2.63 3.40 3.66 2.33 3.79
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.45 0.74 0.48 0.59 0.50 0.48 0.59 0.65 0.44 0.66
Dy                        3.14 4.89 3.16 3.92 3.43 3.36 3.99 4.32 3.04 4.36
Ho                        0.73 1.05 0.67 0.84 0.78 0.77 0.87 0.94 0.71 0.93
Er                        2.20 3.00 1.90 2.39 2.36 2.29 2.49 2.71 2.14 2.66
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.36 2.94 1.83 2.34 2.47 2.42 2.46 2.67 2.29 2.60
Lu                        0.37 0.45 0.28 0.36 0.39 0.38 0.38 0.42 0.36 0.41
Hf 1.03 2.26 1.35 1.73 1.20 1.18 1.63 1.82 1.00 1.94
Ta 0.28 0.73 0.47 0.54 0.34 0.35 0.44 0.54 0.27 0.57
W 0.12
Tl 0.005 0.010 0.006 0.007 0.007 0.005 0.006 0.008 0.008 0.008
Pb 0.32 0.47 0.36 0.38 0.27 0.32 0.45 0.40 0.28 0.40
Th 0.30 0.79 0.51 0.58 0.36 0.36 0.47 0.61 0.30 0.61

















PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
HiBa,	HiAl-LoSi Main Main Main Main Main Main Main Main Main
36.850 36.780 36.773 36.775 36.793 36.730 36.797 36.915 36.640 36.640
-33.250 -33.278 -33.288 -33.277 -33.290 -33.292 -33.282 -33.163 -33.325 -33.325
-2889	to	-2608 -2901	to	-2740
solution solution solution solution solution solution solution laser laser solution
Li 3.8 4.7 5.9 5.0 5.1 4.9 5.7 5.8 5.6 5.2
Be 0.21 0.38 0.49 0.48 0.46 0.45 0.46 0.41
Sc 44.2 39.0 41.5 41.4 41.8 44.1 41.3 44.2 43.7 40.7
Ti 0.68 1.04 1.24 1.14 1.13 1.16 1.25 1.36 1.46 1.15
V 220 253 300 266 276 280 293 304 294 270
Cr 574 337 309 289 103 227 300 92 202 207
Mn 0.16 0.16 0.17 0.16 0.17 0.17 0.17 0.19 0.17 0.17
Co 46.3 42.5 43.1 41.9 45.3 44.3 44.5 45.5 41.4 45.2
Ni 205 98 88 86 68 77 95 44 65 92
Cu 134 75 70 83 82 83 69 73 66 78
Zn 56.3 72.7 84.8 72.7 76.1 76.1 81.7 80.6 77.7 76.5
Ga 13.4 15.2 16.1 15.0 15.3 15.5 15.9 15.0 14.3 15.2
Rb 2.42 3.99 4.30 4.87 6.10 4.60 3.95 5.99 5.65 4.12
Sr 89 105 102 123 127 104 103 122 108 110
Y 20.8 23.8 29.0 24.5 24.3 27.8 27.1 28.2 32.0 25.7
Zr 37.7 57.5 77.5 68.4 65.5 72.4 70.9 78.8 90.4 65.6
Nb 4.75 8.18 10.11 10.37 12.67 10.43 9.31 12.54 12.55 8.75
Mo 0.23 0.42 0.48 0.50 0.53 0.51 0.45 0.44
Sn 0.32 0.54 0.73 0.63 0.60 0.65 0.65 0.62
Cs 0.03 0.04 0.05 0.05 0.07 0.05 0.04 0.06 0.06 0.04
Ba 31.4 49.1 50.8 60.2 76.3 52.6 47.6 72.2 65.1 50.4
La 3.02 4.90 6.09 6.20 7.23 6.06 5.69 7.52 7.47 5.31
Ce                        7.22 11.31 14.34 14.07 15.72 13.97 13.37 17.19 16.82 12.47
Pr                        1.06 1.62 2.11 1.98 2.12 1.98 1.93 2.41 2.43 1.80
Nd                        5.21 7.86 10.12 9.36 9.63 9.48 9.30 10.92 11.55 8.68
Sm	 	 	 	 	 	 	 	 	 	 	 	 1.62 2.38 2.96 2.64 2.64 2.72 2.73 3.03 3.38 2.59
Eu                        0.64 0.86 1.03 0.94 0.94 0.95 0.97 1.07 1.13 0.93
Gd                        2.42 3.31 4.12 3.55 3.50 3.79 3.80 3.99 4.54 3.59
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.45 0.58 0.72 0.62 0.61 0.67 0.67 0.70 0.80 0.63
Dy                        3.21 3.91 4.78 4.03 3.99 4.47 4.39 4.65 5.27 4.17
Ho                        0.74 0.85 1.03 0.87 0.87 0.99 0.96 1.00 1.13 0.91
Er                        2.19 2.40 2.96 2.45 2.47 2.84 2.72 2.85 3.16 2.58
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.33 2.35 2.89 2.40 2.43 2.85 2.70 2.85 3.16 2.55
Lu                        0.38 0.37 0.45 0.37 0.38 0.45 0.42 0.45 0.49 0.40
Hf 1.05 1.61 2.05 1.81 1.76 1.93 1.91 2.05 2.40 1.80
Ta 0.28 0.48 0.60 0.60 0.72 0.61 0.55 0.70 0.73 0.51
W 0.09 0.14 0.14
Tl 0.006 0.012 0.008 0.011 0.007 0.007
Pb 0.21 0.35 0.47 0.42 0.50 0.38 0.41 0.52 0.50 0.45
Th 0.30 0.51 0.62 0.64 0.80 0.64 0.55 0.79 0.81 0.54
U 0.10 0.16 0.22 0.22 0.24 0.21 0.19 0.25 0.24 0.17
Table	B2	(Continued)230
Table	B2	(Continued)
KN	42-D23 KN	42-ST88-3 NR	DR	3-4 NR	DR	3-7 TR	119-4D-3A
PO-3 PO-3 PO-3 PO-3 PO-3
Main Main HiBa,	Main HiBa,	Main HiBa,	Main
36.810 36.850 36.847 36.847 36.850
-33.280 -33.320 -33.222 -33.222 -33.230
-2250	to	-2221 -2271	to	-1720
laser laser solution solution solution
Li 5.0 5.0 5.1 4.9 4.1
Be 0.51 0.49 0.42
Sc 44.5 43.2 38.7 39.5 37.4
Ti 1.09 1.18 1.07 1.12 0.98
V 277 272 261 262 252
Cr 153 107 496 504 562
Mn 0.17 0.18 0.16 0.16 0.16
Co 41.9 44.4 46.3 46.4 46.5
Ni 64 56 167 162 197
Cu 75 84 76 76 81
Zn 70.5 73.9 72.7 74.0 68.0
Ga 13.4 13.9 14.6 14.7 13.9
Rb 4.47 4.39 8.36 8.54 6.88
Sr 103 114 143 146 132
Y 25.2 25.0 22.9 23.1 21.7
Zr 59.5 64.9 70.5 70.8 61.0
Nb 9.44 8.79 16.07 15.95 12.25
Mo 0.62 0.66 0.56
Sn 0.62 0.64
Cs 0.05 0.05 0.09 0.09 0.08
Ba 54.9 52.3 105.3 105.3 88.3
La 5.65 5.44 8.94 8.99 7.21
Ce                        12.54 13.02 18.64 18.67 15.43
Pr                        1.77 1.85 2.47 2.45 2.04
Nd                        8.29 8.77 10.86 10.73 9.15
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.41 2.64 2.74 2.75 2.43
Eu                        0.86 0.95 0.96 0.94 0.84
Gd                        3.40 3.57 3.48 3.47 3.21
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.60 0.62 0.59 0.59 0.54
Dy                        4.01 4.12 3.82 3.85 3.56
Ho                        0.89 0.89 0.82 0.82 0.78
Er                        2.54 2.51 2.35 2.33 2.15
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.54 2.50 2.30 2.29 2.13
Lu                        0.40 0.37 0.35 0.36 0.34
Hf 1.61 1.73 1.82 1.84 1.61
Ta 0.55 0.48 0.90 0.90 0.72
W 0.13 0.12 0.16
Tl 0.010 0.011
Pb 0.41 0.46 0.54
Th 0.61 0.55 1.05 1.06 0.82


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































SiO2 51.03 49.18 47.49 49.26 0.2%
TiO2 1.23 0.83 0.40 0.81 2.3%
Al2O3 14.89 16.22 17.50 16.19 0.2%
FeOT 9.79 9.16 8.30 9.05 1.2%
MnO 0.19 0.17 0.16 0.17 1.3%
MgO 7.98 9.67 11.70 9.84 1.8%
CaO 12.23 12.41 12.54 12.39 0.2%
Na2O 2.23 2.06 1.74 1.98 3.7%
K2O 0.18 0.10 0.01 0.10 3.7%
P2O5 0.15 0.10 0.02 0.08 12.3%
Rb 4.53 2.29 0.07 2.30 0.4%
Ba 53.2 27.0 1.3 27.3 1.0%
Th 0.602 0.320 0.018 0.310 3.0%
U 0.193 0.104 0.007 0.100 4.2%
Nb 9.71 5.12 0.47 5.09 0.6%
Ta 0.56 0.30 0.03 0.29 3.2%
La 5.79 3.14 0.59 3.19 1.6%
Ce 13.39 7.55 1.57 7.48 0.9%
Pb 0.41 0.22 0.05 0.23 2.3%
Pr 1.92 1.12 0.37 1.14 2.0%
Sr 108 74 48 78 5.7%
Nd 9.17 5.57 2.11 5.64 1.2%
Zr 68.7 43.1 17.5 43.1 0.1%
Hf 1.84 1.17 0.44 1.14 2.6%
Sm 2.68 1.75 0.82 1.75 0.0%
Eu 0.96 0.68 0.41 0.68 0.3%
Gd 3.72 2.68 1.77 2.74 2.5%
Tb 0.65 0.49 0.39 0.52 6.0%
Dy 4.34 3.46 2.41 3.38 2.4%
Ho 0.94 0.78 0.70 0.82 5.0%
Er 2.68 2.31 1.68 2.18 5.8%
Yb 2.64 2.41 1.92 2.28 5.2%
Y 26.6 22.1 17.0 21.8 1.6%
Lu 0.41 0.38 0.35 0.38 0.4%
Tb												 0.45 0.58 0.72 0.62 0.61
Dy             3.21 3.91 4.78 4.03 3.99
Ho             0.74 0.85 1.03 0.87 0.87
Er             2.19 2.40 2.96 2.45 2.47
Yb												 2.33 2.35 2.89 2.40 2.43
Lu             0.38 0.37 0.45 0.37 0.38
Table	B4:	Modeling	of	the	HiAl-LoSi	Lavas234
Kd	Olivine/Melt Kd	Opx/Melt Kd	Cpx/Melt Kd	Spl/melt
Metasomatized	Source	
(MetaM)	(Gale	et	al.,	2011) DM	(S&S,	2004)
Rb 0.000045 0.00045 0.0006 0.000005 0.685 0.088
Sr 0.008 0.009 0.096 0.0003 15.189 9.800
Y 0.007 0.025 0.421 0.003 1.881 3.67*
Zr 0.0013 0.013 0.128 0.0003 5.483 6.789*
Nb 0.000041 0.0001 0.007 0.000005 1.240* 0.284*
Ba 0.000043 0.00004 0.00068 0.000005 8.072* 1.200
La 0.00005 0.00005 0.042 0.00002 0.706 0.234
Ce 0.00006 0.003 0.09 0.00003 1.473 0.772
Nd 0.0002 0.007 0.19 0.0002 0.851 0.713
Sm 0.0006 0.01 0.28 0.0004 0.223 0.270
Eu 0.00015 0.013 0.355 0.0006 0.084 0.107
Gd 0.00099 0.016 0.37 0.0009 0.288 0.395
Tb 0.002 0.021 0.382 0.0012 0.049 0.075
Dy 0.004 0.025 0.402 0.0015 0.326 0.531
Ho 0.006 0.029 0.41 0.0023 0.069 0.122
Er 0.0087 0.041 0.422 0.003 0.205 0.371
Yb 0.017 0.047 0.432 0.0045 0.212 0.401
Lu 0.02 0.052 0.439 0.0053 0.034 0.063
Hf 0.005 0.013 0.23 0.0003 0.155 0.199
Pb 0.0003 0.0021 0.086 0.000005 0.049* 0.025*
Th 0.00005 0.00005 0.003 0.000005 0.082* 0.014




































n E-MORB2  
±	(95%	
conf)
n E-MORB3  
±	(95%	
conf)
Ba 55 13.9 1.9 93 13.0 1.8 38 125.5 18.8 19 56.2 26.2
Be 25 0.77 0.06 39 0.55 0.04 8 0.56 0.23 7 0.74 0.10
Ce 59 12.96 1.26 102 9.23 0.59 37 25.52 3.73 19 17.16 4.23
Co 47 44.0 1.0 89 44.0 0.7 34 41.7 1.6 19 45.8 3.4
Cr 52 231 20 93 304 14 34 216 33 19 226 47
Cs 37 0.017 0.003 76 0.022 0.004 28 0.124 0.024 19 0.053 0.024
Cu 45 72 3 92 77 3 34 74 8 19 83 13
Dy 59 6.46 0.39 102 5.18 0.17 37 4.62 0.21 19 4.50 0.54
Er 58 4.08 0.24 102 3.29 0.11 37 2.75 0.12 19 2.74 0.37
Eu 59 1.40 0.09 102 1.13 0.04 37 1.29 0.08 19 1.17 0.13
Ga 42 17.7 0.4 96 16.6 0.3 27 17.3 0.7 18 17.4 1.1
Gd 59 5.21 0.32 102 4.08 0.15 37 4.26 0.26 19 3.99 0.49
Hf 54 2.90 0.30 101 2.08 0.15 37 2.54 0.26 19 2.44 0.37
Ho 58 1.38 0.09 100 1.14 0.04 35 0.96 0.05 19 0.96 0.13
La 59 4.03 0.39 102 2.84 0.20 38 12.02 1.66 19 7.07 2.12
Li 34 6.8 0.6 86 5.7 0.2 22 5.3 0.6 12 5.2 1.3
Lu 59 0.58 0.04 102 0.47 0.01 37 0.38 0.02 19 0.39 0.06
Mn 6 0.21 0.01 18 0.18 0.01 6 0.18 0.02 2 0.19 0.05
Mo 17 0.38 0.08 71 0.31 0.03 21 0.76 0.21 16 0.67 0.20
Nb 56 3.44 0.49 98 2.38 0.27 38 17.07 2.83 19 8.49 3.33
Nd 59 11.56 0.89 102 8.76 0.47 38 14.86 1.33 19 11.46 1.96
Ni 49 82 10 93 119 7 34 97 10 19 97 22
Pb 52 0.50 0.04 95 0.40 0.03 35 0.98 0.14 19 0.66 0.17
Pr 54 2.12 0.19 100 1.61 0.10 35 3.28 0.42 19 2.45 0.48
Rb 44 1.50 0.38 92 1.14 0.14 38 10.56 1.47 19 4.87 1.98
Sc 38 42.0 1.3 90 39.5 0.9 35 35.7 1.2 18 40.0 1.9
Sm 59 3.95 0.27 102 3.09 0.14 38 3.72 0.28 19 3.28 0.42
Sn 19 0.93 0.12 65 0.75 0.08 24 0.87 0.14 13 0.83 0.29
Sr 59 113 4 100 109 5 37 207 22 19 151 29
Ta 51 0.23 0.03 94 0.17 0.02 32 1.09 0.18 18 0.60 0.20
Tb 54 0.97 0.07 100 0.77 0.03 35 0.73 0.04 19 0.72 0.09
Th 53 0.236 0.035 99 0.149 0.018 36 1.367 0.232 19 0.643 0.250
Ti 23 1.57 0.14 88 1.36 0.06 27 1.50 0.11 14 1.47 0.21
Tl 17 0.018 0.002 76 0.017 0.001 21 0.031 0.005 12 0.022 0.013
U 51 0.084 0.013 97 0.049 0.005 36 0.386 0.061 19 0.202 0.069
V 43 348 22 97 284 7 35 265 10 18 297 20
W 22 0.08 0.01 79 0.09 0.01 23 0.31 0.07 13 0.17 0.11
Y 59 39.3 2.7 101 31.0 1.0 37 26.6 1.1 19 26.1 3.2
Yb 59 3.88 0.24 102 3.13 0.11 37 2.59 0.10 19 2.61 0.39
Zn 47 97.5 6.5 90 86.2 2.1 29 82.4 6.1 19 82.3 9.8





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1.005 0.971 1.000 1.000 1.000 1.036 1.000 Method 1
WET-UNIVERSITY	OF	RHODE	
ISLAND 1.005 0.971 1.000 1.000 1.010 1.036 1.000 Method 2
EMP-SMITHSONIAN	INSTITUTION	OF	




1.000 1.000 1.000 1.000 1.000 1.000 1.000 Method	4
EMP-UNIVERSITY	OF	HAWAII 0.994 0.985 1.089 1.015 1.001 1.002 0.963 Method	5
EMP-UNIVERSITY	OF	CAPE	TOWN 0.998 0.962 1.035 0.996 0.981 1.007 1.033 Method	6
EMP-UNIVERSITY	OF	
RHODE	ISLAND
0.985 0.978 1.038 1.005 0.949 0.967 1.088 Method	7
EMP-INSTITUT	FRANCAIS	POUR	
L'EXPLOITATION	DE	LA	MER
1.002 0.952 1.039 1.007 0.985 0.997 1.040 Method	8
XRF-UNIVERSITY	OF	CAPE	TOWN 1.002 0.939 1.057 0.981 0.998 1.107 1.060 Method	9
EMP-MASSACHUSETTS	INSTITUTE	
OF	TECHNOLOGY 0.995 0.987 1.032 1.018 0.978 1.006 0.983 Method 10
XRF-UNIVERSITY	OF	HAWAII 0.992 0.974 1.045 1.010 1.045 0.999 1.017 Method 11
XRF-UNIVERSITAET	KARLSRUHE 1.005 0.993 0.967 1.024 0.991 1.020 0.971 Method 12
XRF-MASSACHUSETTS	INSTITUTE	
OF	TECHNOLOGY
0.999 0.983 1.042 0.991 1.058 1.010 0.986 Method 13
XRF-R/V	JEAN	CHARCOT 1.007 1.009 0.937 1.018 1.030 1.041 0.966 Method	14
EMP-SUNY	AT	STONY	BROOK 1.003 0.954 1.016 1.003 0.973 1.058 1.008 Method	15
EMP-UNIVERSITY	OF	TASMANIA 0.988 0.973 1.075 0.998 1.048 1.036 1.022 Method	16
ICPAES-UNIVERSITY	OF	HOUSTON 0.998 1.013 0.972 1.026 0.995 1.037 0.961 Method	17
XRF-UNIVERSITY	OF	BRITISH	
COLUMBIA
1.011 0.992 0.957 0.996 0.973 1.018 0.987 Method	18
EMP-UNIVERSITY	OF	HOUSTON 0.997 0.979 1.092 1.007 0.987 1.047 0.974 Method	19
EMP-RUSSIAN	NATIONAL	ACADEMY	
OF	SCIENCES 1.001 0.983 1.103 1.013 0.988 0.935 0.933 Method 20
AAS-UNIV	OF	NEWCASTLE-	
UPON-TYNE
0.993 0.969 1.033 1.014 1.025 0.999 1.023 Method 21
EMP-UNIVERSITY	OF	BRITISH	
COLUMBIA
0.996 0.980 1.088 1.000 1.001 0.998 0.981 Method 22
EMP-AUSTRALIAN	NATIONAL	
UNIVERSITY
0.993 0.977 1.031 0.998 0.969 0.990 1.065 Method 23
EMP-UNIVERSITY	OF	TULSA 1.000 1.000 1.000 1.013 1.034 1.032 1.000 Method	24
Table	C3:	Interlaboratory	Bias	Correction	Factors
Note:	All	factors	except	for	the	EMP-Smithsonian	factors	are	from	Su,	2002	and	are	published	with	permission	in	Gale	et	al.,	submitted.









Ratio 4.0 2.0 1.1 4.8 14.1 1.5 4.0
Table	C4:	Estimated	H2O/K2O	Ratios	for	Back-Arc	Basin	Segments	in	this	study259
aPPendix d
suPPlementary material for chaPter 5
Figure	D1.	Sample	variation	diagrams	(FeO	and	Na2O	versus	MgO)	of	three	segments	from	our	ridge	cata-
log	with	different	8-value	“confidence	levels”.	Confidence	levels	were	assigned	qualitatively	to	give	some	
indication	of	how	well	the	segment	8-value	is	known.	Note	that	the	Confidence	1	segment	has	well-defined	
liquid	lines	of	descent	and	many	samples	around	8	wt.	%	MgO.	Confidence	2	is	far	less	well-constrained,	
but	still	has	samples	with	~8	wt.%	MgO.	Confidence	3	is	the	poorest	case	where	the	liquid	lines	of	descent	
are	unclear,	and	there	are	no	samples	near	8	wt.	%	MgO.	260
Figure	D2.	Na8 and Al8	versus	Fe8	in	the	global	segments,	color	coded	by	
Confidence	Level.	Note	that	the	trends	in	the	dataset	do	not	depend	on	
Confidence	Level.	Indeed,	the	highest-confidence	segments	span	the	full	
chemical	range.261
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